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Summary
The present dissertation deals with the model-based investigation of hydrologically
relevant structures and processes of the initial development phase of the man-made
catchment ‘Chicken Creek’. The 6 ha large catchment located near Cottbus (Ger-
many) was completed in autumn 2005 and since has been left to an undirected and
undisturbed primary succession. Based on field observations and the development
of new models, a set of hydrologically important structures and processes could be
identified.
A highly nonlinear relationship between measured rainfall and total runoff was
revealed in the catchment. Runoff shows a threshold-like behaviour and was only
triggered for precipitation events with a total rainfall larger than 9mm. Appar-
ently, preferential subsurface flow paths exist, which connect only after a critical
amount of rainfall. In the first part of the thesis, a new model based on Percola-
tion Theory was developed to simulate the subsurface flow paths and the nonlinear
catchment runoff response to rainfall. The sudden establishment of a high hydro-
logic connectivity between the soil elements of the catchment is shown to be the
key factor to explain the threshold-like behaviour of the runoff response to rainfall.
In contrast to most mature hydrological catchments in temperate areas, sur-
face water flow is an important runoff process of the initial development phase of
the Chicken Creek catchment. This becomes evident from the evolution of ero-
sion rills driven by surface runoff in the first few years after completion of the
catchment. The development of the erosion rill network was characterised by a
nonlinear function describing rapid rill growth in the first year and successively
declining growth in following years. In the second part of the thesis, two models
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using different approaches were developed to describe the emergence of the erosion
rills. First, we used a self-organised critical network approach with soil erosion and
sediment deposition governed by a local critical shear stress. The second approach
was based on the computation of particle transport as function of flow velocity
determined by the Manning equation. The Manning-based model was developed
to compare the results of the self-organised critical network approach with results
from a simple, but more physically-based approach. Both models were able to
qualitatively reproduce the observed main rill network. Geometric characteristics,
such as rill network length and rill depth were simulated in the right order of
magnitude compared to measurements. The models also succeeded in describing
the position and the temporal evolution of the erosion rills in the catchment. The
simulations further showed that erosion and deposition processes forced the surface
flow paths to change gradually during rill evolution. However, surface flow paths
were only locally affected by the growth of the erosion rills. Thus, the mature rill
network is largely the result of the very initial surface micro-topography of the
catchment.
The development of both types of structures, the water flow paths (surface and
subsurface) and the surface erosion rills can be regarded as emergent patterns,
that is macro-scale structures, which develop from micro-scale processes, but are
entirely unpredictable only from these. Most current hydrological models fail in
describing the emergence of these hydrologically relevant macro-scale patterns or
the non-linear processes such as the threshold-like runoff-rainfall response observed
in the catchment. In the third part of the thesis, a new hydrological model was
conceptualised to tackle these drawbacks of present models. By describing water
transport in discrete volume units, the new model was able to represent (nonlinear)
runoff processes, water transit times and the emergence of macro-scale patterns
in the same model framework. First model simulations were able to reproduce
realistic surface runoff patterns and transit times and to simulate the temporal
evolution of subsurface flow paths. Comparing simulation runs with and without
erosion rills revealed that the rills have a distinctive effect on the quantity of the
runoff components, and on the flow distances, flow times and flow velocities of the
surface water. The increased local topographic gradients along the rills promoted
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flow of surface water to the rills from where it was effectively transported to the
catchment outlet. Therefore, the volume, transport distances and velocities of the
surface water were generally higher for the topography with rills. These first model
simulation results demonstrate the practicability of the new model concept and
provide an encouraging basis for the further enhancement of the model.
3

Zusammenfassung
Die vorliegende Dissertation behandelt die modellgestützte Untersuchung hydro-
logisch relevanter Strukturen und Prozesse in der initialen Entwicklungsphase
des künstlich geschaffenen Einzuggebiets ‘Hühnerwasser’ (auf Englisch ‘Chicken
Creek’). Das 6 ha umfassende Einzugsgebiet, welches in der Nähe von Cottbus
(Deutschland) liegt, wurde im Herbst 2005 fertiggestellt und wurde seither einer
ungerichteten und ungestörten Primärsukzession überlassen. Gestützt auf Beob-
achtungen und Messungen im Feld, sowie auf der Entwicklung neuer Modelle konn-
te eine Reihe hydrologisch wichtiger Strukturen und Prozesse identifiziert werden.
Im Einzugsgebiet wurde ein stark nichtlinearer Zusammenhang zwischen ge-
messenem Niederschlag und Gesamtabfluss beobachtet. Der Abfluss zeigte ein
deutliches Schwellwertverhalten und wurde nur für Niederschlagsereignisse mit ei-
nem Gesamtniederschlag von über 9mm initiiert. Offensichtlich existieren präfe-
rentielle Fliesspfade im Einzugsgebiet, die sich nur bei einer kritischen Menge von
Niederschlag miteinander verbinden und dann für schnellen Abfluss sorgen. Im
ersten Teil dieser Arbeit wurde ein neues perkolationstheoretisches Modell entwi-
ckelt, mit dem Ziel unterirdische Fliesspfade und das gegenüber dem Niederschlag
nichtlineare Verhalten von Gebietsabfluss zu simulieren. Das plötzliche Eintreten
einer hohen hydrologischen Konnektivität zwischen Bodenelementen des Einzugs-
gebiets wurde dabei als Schlüsselfaktor zur Erklärung des Schwellwertverhaltens
des Gebietsabfluss ermittelt.
Im Gegensatz zu den meisten Einzugsgebieten, die sich in gemässigten Kli-
maregionen natürlich entwickelt haben, ist Wasserfluss an der Bodenoberfläche
eine wichtige Abflusskomponente in der initialen Entwicklungsphase des Hühner-
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wassers. Dies erkennt man deutlich an den Erosionsrillen, die sich in den ersten
Jahren nach der Fertigstellung des Einzugsgebiets durch Oberflächenabfluss gebil-
det haben. Die Entwicklung des Erosionsrillennetzwerks folgte einer nichtlinearen
Funktion mit intensivem Wachstum der Rillen im ersten Jahr und allmählich nach-
lassendem Wachstum in den folgenden Jahren. Im zweiten Teil der Arbeit wurden
zwei verschiedene Modelle entwickelt, um die Entstehung der Erosionsrillen zu
beschreiben. Das erste Modell basiert auf dem Prinzip der selbstorganisierten Kri-
tikalität. Erosion und Deposition werden dabei durch die Über-, bzw. Unterschrei-
tung der lokalen kritischen Scherspannung bestimmt. Das zweite Modell simuliert
Sedimenttransport basierend auf der Fliessgeschwindigkeit des Oberflächenflusses,
die im Modell mit der Manning-Gleichung beschrieben wurde. Dieses Modell wur-
de entwickelt um die Resultate des ersten Modells mit jenen eines einfachen aber
physikalisch basierten Ansatzes zu vergleichen. Beide Modelle waren in der Lage
das gemessene Rillennetzwerk qualitativ abzubilden. Geometrische Eigenschaften,
wie die Länge oder die Tiefe der Erosionsrillen wurden, im Vergleich zu den Mes-
sungen, von den Modellen in der richtigen Grössenordnung wiedergegeben. Zudem
konnten die Modelle die räumliche und zeitliche Entwicklung der Erosionsrillen
erfolgreich vorhersagen. Die Simulationen zeigten, dass sich das räumliche Muster
der Oberflächenabflusspfade mit der Rillenentwicklung änderte. Das Wachstum
der Rillen wirkte sich jedoch nur lokal auf das Fliesspfadmuster aus. Infolgedessen
ist das vollentwickelte Rillennetzwerk das Resultat der initialen Mikrotopographie
der Bodenoberfläche des Einzugsgebiets.
Beide Strukturtypen, die Fliesspfade (im Untergrund und an der Oberfläche),
sowie auch die Erosionsrillen lassen sich als emergente Muster bezeichnen, dass
heisst Muster auf der Makroskala, die sich aufgrund von mikroskaligen Prozessen
entwickeln, die aber alleine durch diese Prozesse nicht vorhersagbar sind. Die meis-
ten gegenwärtigen hydrologischen Modelle vermögen weder die Entwicklung von
emergenten Mustern noch nichtlinearen Prozesse (wie zum Beispiel das Schwell-
wertverhalten des Gebietsabfluss) abzubilden. Im dritten Teil der Arbeit wurde ein
neues hydrologisches Modell konzipiert, um diese Nachteile gegenwärtiger hydro-
logischer Modelle in Angriff zu nehmen. Durch die Beschreibung des Wassertrans-
portes in diskreten Volumeneinheiten ist das neue Modell in der Lage (nichtlinea-
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re) Abflussprozesse, Wassertransportzeiten und die Entwicklung von emergenten
Mustern in ein und derselben Modellstruktur zu beschreiben. Erste Modelsimula-
tionen konnten realistische Oberflächenabflussmuster, Transportzeiten von Wasser
und die zeitliche Entwicklung von unterirdischen Fliesspfaden nachbilden. Der Ver-
gleich zwischen zwei Simulationen, eine ohne und eine mit Erosionsrillen, zeigte,
dass die Erosionsrillen einen deutlichen Effekt auf die Quantität der Abflusskom-
ponenten, sowie auf die zurückgelegte Distanz, die Zeit und die Geschwindigkeit
des Wasserflusses auf der Oberflächen haben. Durch die Erosion erhöhten sich die
lokalen topographischen Gradienten um die Rillen, wodurch der Wasserfluss in die
Rillen verstärkt wurde. Deshalb waren Volumen, Transportdistanz und Geschwin-
digkeit des Oberflächenwassers generell höher für die Simulation, die die Erosions-
rillen berücksichtigte. Diese ersten Modellresultate zeigen die Realisierbarkeit des
neuen Modellkonzepts und stellen eine ermutigende Basis für die Weiterentwick-
lung des Modells dar.
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1 Introduction
1.1 Background
To predict the response of natural terrestrial ecosystems to anthropogenic and
natural disturbances such as climate change or land use, it is essential to under-
stand the governing hydrological processes and their interactions with biosphere
and element fluxes (e.g. Arnell, 2002; Bates et al., 2008; Li et al., 2009). For ecolo-
gical studies at the landscape scale (e.g. Gburek and Folmar, 1999; Lemonds and
McCray, 2007) hydrological catchments are usually chosen as observation units,
since they describe clearly defined budget areas for water and elements. However,
information on the complex multi-scale inner structure of a catchment (e.g. soil
type or bedrock topography) is difficult to retrieve (Kendall et al., 2001; Sivapalan
et al., 2003) and corresponding data collection is laborious and cost expensive. Due
to the unknown catchment architecture and the manifold of interacting processes,
the prediction of the hydrologic response of a catchment to changing boundary
conditions remains an unsolved task.
Most large-scale ecosystem research was conducted in mature catchments char-
acterised by a dynamic equilibrium and highly evolved complex structures and
processes that limit the possibility to recognise structures and processes driving
the evolution of a catchment. As alternative to studies on complex developed eco-
systems, analyses of ecosystems in their initial state can help to reveal processes
governing the functioning and evolution of ecosystems. The initial phase is crucial
as the early evolution of processes and structures directs the further development
of the system. In addition to studying hydrological processes during the initial
phase of naturally developed ecosystems (e.g. after the retreat of glaciers or after
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landslides), a few catchments were artificially created, e.g. the Hydrohill catch-
ment in China described in Kendall et al. (2001) or the El Moral slopes in Spain
presented in Nicolau (2002). A major advantage of such man-made catchments is
that boundaries and inner structures can be defined in advance and that hetero-
geneities (e.g. of the bedrock or of the soil material) can be reduced. As soon as
the construction of a man-made catchment is complete, it can be considered to be
at ‘point zero’ in time, a development stage rarely found in nature. In addition,
a man-made ecosystem in its initial development stage is much less complex than
mature natural catchments. There are, for example, only a very limited number
of organisms, like abundant microorganisms, but no higher plants and animals
present at this stage. The reduction in complexity of structure and interaction
due to the absence of most biological agents considerably eases the investigation
and quantification of hydrological processes and fluxes.
To delineate hydrological processes affecting the development of terrestrial eco-
systems, the man made ‘Chicken Creek’ catchment (6 ha) near Cottbus (Germany)
was established in 2005. The catchment represents an entire ecosystem at full land-
scape scale (Chapter 2). It combines the advantage of well-known inner structures
and system boundaries with the opportunity of observing the initial phase of eco-
system development starting from point zero.
1.2 Contents and focus of the thesis
The focus of the present thesis lies on the model-based investigation of hydrolo-
gically relevant structures and processes of the initial development phase of the
man-made catchment Chicken Creek. The key questions addressed in this thesis
are:
• What are characteristic hydrological processes of the initial phase?
• Which types of structures control the hydrological processes of the initial
phase?
• How do hydrological structures and processes evolve during the initial phase?
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• What are the effects of evolving structures on water fluxes?
Chapter 2: The catchment Chicken Creek is introduced with a comprehensive
description of the field site including hydrological measurements and properties. In
the following three chapters different modelling concepts to simulate hydrologically
relevant structures and their impact on water flow paths in the catchment are
presented.
Chapter 3: Based on measured wetness patterns and runoff and rainfall data
the existence of fast subsurface drainage pathways is postulated. The observation
that runoff is triggered only for rainfall above a well-defined threshold indicates
that preferential flow paths with high water flow velocities exist that connect only
for rainfall above the threshold. Further analyses revealed that subsurface flow
paths developed in areas, where they were not expected according to the initial
conceptual model of subsurface water flow. Chapter 3 examines how material prop-
erties and geometrical hillslope structures determine subsurface drainage pathways
and how the connectivity of these pathways affects catchment runoff. The following
specific questions are addressed:
• What are the factors controlling the establishment of a network of subsurface
flow paths?
• Where do subsurface drainage pathways evolve in the catchment?
• How does subsurface flow path connectivity relate to the observed rainfall
threshold for catchment runoff?
To represent the preferential subsurface flow paths and the nonlinear catchment
runoff response to rainfall, a new model focussing on subsurface water flows was
developed based on Percolation Theory. For this purpose the three-dimensional
geometry of the catchment is subdivided into cells that may be in a conductive
or non-conductive state and control the connectivity of subsurface drainage flow
paths.
Chapter 4: Preferential flow through subsurface drainage pathways is not the
only mechanism transporting water quickly to the catchment outlet. The extensive
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erosion rill network on the catchment surface indicates that surface runoff is also
an important hydrological process of the initial development phase of the Chicken
Creek catchment. Erosion rills affect water flow by channelling surface runoff, by
locally changing the infiltration capacity of the soil, by altering hydraulic gradients,
or by preventing the establishment of a vegetation cover. Therefore, the hydrologic
response of the catchment cannot be understood based on flow models that neglect
the time-dependent surface structures and pathways. To successfully model the
hydrology of a young developing slope system it is indispensable to simulate the
generation of the erosion rills adequately. In Chapter 4 two model approaches that
simulate the dynamics of rill growth and predict the spatial location of evolving
rills were modified and tested. First, we used a self-organised critical network
approach (Rinaldo et al., 1993) with soil erosion and sediment deposition governed
by a local critical shear stress. The second approach is a surface runoff model
based on Manning’s equation. Soil erosion was activated in the case of high local
shear stress and deposition of the entrained sediment load was determined as a
function of sedimentation velocity. The models were validated against observed rill
patterns from the Chicken Creek catchment. The following questions are addressed
in Chapter 4:
• Are the models able to predict the location of evolving surface erosion rills
in the Chicken Creek catchment?
• What are the factors controlling the development of surface rills in a new
developing ecosystem?
• Does the rill network extension converge to a steady state?
• How do the surface flow paths change with developing erosion rills?
Chapter 5: The hydrology of the Chicken Creek catchment is governed by
nonlinear processes and the development of hydrologically relevant structures at
the catchment scale. Current hydrological models often can represent neither
such nonlinear behaviour nor the evolution of macro-scale patterns. The goal of
Chapter 5 is to tackle these model drawbacks by conceptualising a new hydrological
model, which is capable to reproduce nonlinear runoff processes, the transit times
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of water, and the emergence and effect of hydrologically relevant structures at the
macro-scale within a single model framework.
Results obtained in Chapter 3 and Chapter 4 are integrated in the new model.
On the one hand, model concepts of the presented Percolation Theory model were
used in combination with traditional physically-based water flow equations. On
the other hand, the erosion rill structures derived from model simulations are
incorporated in the new model to assess the effect of the rills on water flows in
the catchment. The focus of Chapter 5 lies on testing the feasibility of the new
model concept rather than on simulating runoff components as precise as possible
compared to measurements. The following questions were addressed:
• How do hydrological surface and subsurface flow paths connect in space and
time?
• What are characteristic flow distances, times and velocities of surface water
and how do they change in the presence of surface erosion rills?
• What effect do the erosion rills have on total surface water outflow?
Although the model at the current state was tested under simplified initial condi-
tions and processes, the practicability of the model could be demonstrated by first
encouraging simulation results.
Chapter 6: The thesis concludes with a short overview on necessary research
to improve the predictability of dynamic hydrological processes and evolving struc-
tures in catchments. In the light of current issues in hydrological catchment mod-
elling a few suggestions for the successful realisation and further development of
the model concept presented in Chapter 5 are provided and discussed.
1.3 Model aspects
The different models developed in the framework of this thesis (Chapters 3, 4
and 5) describe structures and processes at a small spatial scale (one metre res-
olution or less). The basic design of all models is a two- or three-dimensional
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Cartesian grid. To reconstruct the relevant structure heterogeneities and to rea-
sonably reproduce the considered processes, a grid resolution of 0.25 – 1.0m and a
high coordination number (eight to twelve adjacent neighbours per cell depending
on the dimensionality of the model) was chosen. Consequently, all the models
consist of a large number of grid nodes (up to nearly 4 000 000). As each node
enquires information from all of its neighbours a multitude of operations have to
be calculated per single simulation iteration step. Thus, optimised algorithms are
necessary to minimise computational resources.
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2.1 Location
The man-made catchment Chicken Creek is located in the post-mining landscape
of the opencast lignite mine Welzow-South, 150 km south from Berlin (Germany).
The research site was planned and realised under supervision of the Brandenburg
University of Technology in Cottbus and the mining company Vattenfall Europe
Mining AG. The catchment serves as study site for the German Transregional
Collaborative Research Centre (SFB/TRR 38) which is funded by the Deutsche
Forschungsgemeinschaft (DFG). After completion in late 2005 the catchment was
left to an undirected and undisturbed development (Kendzia et al., 2008).
2.2 Catchment design
The Chicken Creek catchment was designed as hillslope with the extension of about
450m in northwest and 140m in north–northeast direction resulting in a catch-
ment area of approximately 6 ha (Figure 2.1a). The catchment has an elevation
difference of 15m and an average longitudinal inclination of 3.2%. The catchment
is comprised of three major sections (Gerwin et al., 2009a): the backslope with
low inclination (2.7% in average), the footslope with a steeper inclination (5.4%
in average), and the lake basin. During the first year the basin was filled gradually
by catchment runoff and direct precipitation input and evolved to a small lake
with a surface of 3600m2 and an average depth of 1m. The backslope of the
catchment is gently v-shaped with an eastern and a western side facing together
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(a) (b)
(d)(c) 
N
Figure 2.1: Construction of the field site Chicken Creek. (a) Overview of the Chicken
Creek catchment (encompassed by grey lines) after completing the construction work in
September 2005. (b – d) Different steps during construction with (b) stacker dumping
the base layer (September 2004), (c) impermeable clay layer (grey) below sand body
(brown) with concrete weir to catch subsurface flow in the middle of the picture (July
2005), and (d) flattening of the surface by tractors dragging rails in order to remove
caterpillar tracks (September 2005).
with an inclination of 0.3 – 2.1% (Schneider et al., 2011) causing surface runoff to
concentrate at the centre line. The inner structure of the catchment comprises a
general base layer on top of which a clay layer of 2 – 3m thickness was dumped
by means of mining technology (Figure 2.1b). The same clay material was used
before in another reclaimed area and has proven to be an optimal vertical barrier
to seepage water (Gerwin et al., 2009a). The clay layer was designed in a tub shape
to ensure a closed system to water flows. The actual soil body of the catchment,
acting as aquifer, is composed of Quaternary sand, which was dumped by stackers
on top of the clay layer (Figure 2.1c). The soil surface was levelled by caterpillars
and tracks were removed by final flattening at the end of the construction works
(Gerwin et al., 2009b) (Figure 2.1d). Figure 2.2 shows the digital elevation models
(DEM) of the initial catchment surface and of the clay layer. The DEM of the
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Figure 2.2: Overview of the catchment geometry. Digital elevation model (DEM) of (a)
the catchment surface and (b) the clay layer (vertical exaggeration 17×). The structure
in the lower middle of the catchment (indicated by the circles) is the weir facility (de-
scribed at the end of Section 2.2). The surface is exposed to water and wind erosion and
its initial state is shown in (a). The structures in the clay layer are caused by the filling
procedure. (c) Longitudinal cross-section through the catchment highlighting the clay
wall planned to collect surface water from the upper part of the catchment. The inset
shows a three-dimensional view of the clay wall (vertical exaggeration 5×).
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surface was produced by means of automated digital photogrammetry based on
aerial images taken in November 2005 (courtesy of Vattenfall Europe Mining AG,
Cottbus) and improved by filtering out systematic errors and artefacts (Schneider
et al., 2011). The clay layer DEM was realised according to aerial pictures and
interpolation between drilling measurements (Gerwin et al., 2009b). Soil depth
in the catchment varies between 0 and 4m, the average soil depth is 2m (Fig-
ure 2.2c). Shallow soil depths are generally observed in the topographically lower
area of the catchment near the lake, whereas larger soil depths are found on the
backslope of the catchment. A special feature and dominant structure of the catch-
ment is the clay layer elevation separating the lower third of the catchment from
the upper part. The clay elevation has the form of a wall of about 1m height and
extends along the entire width of the catchment, reducing soil depths locally (Fig-
ures 2.2b and 2.2c). The construction of the clay wall was done for two reasons:
First, it assures the stability of the sandy soil layer upslope of the wall, and second,
it was designed as a barrier to capture the subsurface flow along the clay layer at
the weir located in the middle of the clay wall (Figure 2.1c and Figure 2.2c).
2.3 Soil properties
2.3.1 Soil texture
Soil texture was measured for 316 samples taken from soil core probes at the inter-
section points of a 20m× 20m raster spanning the research site. The samples were
taken from depth intervals: 0 – 30 cm (124 samples), 30 – 100 cm (121 samples),
100 – 150 cm (29 samples), 150 – 200 cm (26 samples) and > 200 cm (16 samples)
(Gerwin et al., 2009b). According to the soil texture triangle of the United States
Department of Agriculture (USDA) the samples can be classified as sand, loamy
sand or sandy loam (Figure 2.3). The mean composition of the soil consists of
83% sand of which 13% were classified as coarse sand (0.63 – 2mm), 44% as
middle-sized sand (0.2 – 0.63mm), and 26% as fine sand (0.063 – 0.2mm). The
average clay and silt fractions account for 7 and 10%, respectively (Gerwin et al.,
2009b).
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Figure 2.3: Location of the soil texture samples in the soil texture triangle of the
United States Department of Agriculture. The high sand contents indicate high water
conductivity for high water saturations and abruptly decreasing conductivity for partially
saturated samples.
2.3.2 Soil hydraulic properties
The hydraulic properties (hydraulic conductivity and capillary pressure as function
of soil water content) of the soil texture samples were parameterised according
to the van Genuchten model (van Genuchten, 1980). The required parameters
were deduced from texture measurements using a pedotransfer function (Rosetta
model; Schaap et al., 2001). Pedotransfer functions are relationships between soil
hydraulic parameters and the easier measurable properties usually available from
soil survey (Pachepsky et al., 2006). The relationship between the computed van
Genuchten parameters is displayed in Figure 2.4. While the saturated hydraulic
conductivity Ks is highly correlated with the pore size width n, the parameter
α (inverse of characteristic capillary pressure head) has no well-defined effect on
Ks. The hydraulic material functions of the most and the least sandy texture
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Figure 2.4: Relation between the saturated hydraulic conductivity Ks and the two van
Genuchten parameters α and n determined by the Rosetta model for all the 316 soil
texture samples. In contrast to the parameter α, n is highly correlated with Ks.
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Figure 2.5: Soil hydraulic properties deduced from soil texture using transfer functions
for the sample with the highest (96%) and the lowest sand fraction (66%), respectively.
The soil water characteristics are given in blue tones (dark blue for maximum sand
fraction) and hydraulic conductivity in red tones (orange for minimum sand fraction).
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sample are shown in Figure 2.5 in order to approximate the range of hydraulic
properties in the catchment. Volumetric water content at saturation is around
0.38 with saturated hydraulic conductivities deduced from pedotransfer functions
ranging from 4 to 340mmh−1. These Ks values are in agreement with independent
infiltrometer measurements at different locations in the catchment (Ks from 9 to
99mmh−1) (Gerwin et al., 2009b).
2.4 Hydrological characteristics of the Chicken
Creek catchment
2.4.1 Rainfall threshold for catchment runoff
A basic hydrologic property of catchments is the relationship between rainfall
amount and catchment outflow (surface and subsurface). To determine this rela-
tionship for the period between February 2007 and August 2009 we used precipi-
tation data measured every 10 minutes with a meteo station located in the middle
of the catchment and lake level fluctuation values recorded every 10 minutes us-
ing two pressure transducers. Catchment outflow was estimated by the increase
in lake volume (corrected for rainfall into the lake) and outflow from the lake.
Since catchment runoff started in general during the rainfall with conditions of
very low evaporation rate, evaporation from the lake surface was neglected. To
determine water fluxes during rainfall events, the time series was split into differ-
ent events according to the constraint that no precipitation occurs between two
events for a certain duration (as discussed below we tested time gaps between
1 and 8 days to separate two events). The entire cumulated outflow before the
onset of a new rainfall was assigned to a precipitation event. Because it is un-
known how long water needs to flow through the catchment into the lake, it is
not straightforward to define the waiting time without rainfall before a new rain-
fall event begins. Therefore, we tested various waiting times to classify rainfall
events and we found that a rainfall threshold of 9mm must be exceeded before
catchment runoff occurred, independent of the waiting time used to define rainfall
events. In Figure 2.6a the relationship between cumulated precipitation (
∑
P )
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Figure 2.6: Rainfall threshold to trigger catchment runoff for the period between the
21st of February 2007 (day 52) and the 4th of August 2009 (day 947). (a) The relationship
between cumulated precipitation (
∑
P ) and cumulated total catchment runoff (
∑
Qtot)
is shown for each precipitation event. A precipitation event was separated by a time
span of several days without rainfall. For each time span value ranging from 1 to 8 days
precipitation events were classified and resulting rainfall and runoff data are presented
in the same figure. Independent of the value of the time span to separate between two
rainfall events, a rainfall threshold of 9mm must be exceeded to produce runoff. (b) The
sum curves for precipitation and catchment runoff are displayed for events separated by
dry period of four days or more. The dashed line marks the threshold of minimum rainfall
amount required to create catchment runoff (9mm). The arrows denote precipitation
events where no (negligible) runoff is produced.
38
2.4 Hydrological characteristics of the Chicken Creek catchment
and cumulated total catchment runoff (
∑
Qtot) for all precipitation events with
waiting times between 1 and 8 days are shown. It can be seen that Qtot is induced
only for precipitation events with a total precipitation rate P larger than 9mm.
For a waiting period of four days Figure 2.6b shows the cumulated precipitation
and catchment runoff. The runoff coefficients (ratios between rainfall and outflow
volume) for precipitation events above the precipitation threshold (
∑
P > 9mm)
are in the range of 0.02 – 0.7 (mean = 0.21, median = 0.21).
2.4.2 Subsurface flow across the clay wall
The man-made catchment was constructed according to the following conceptual
model of water flow: First, water percolates vertically down to the groundwater
table. From there it flows laterally along the slope of the clay layer and finally
through the weir in the clay wall. However, several observations and data suggest
that this conceptual model must be modified because subsurface flow is not en-
tirely captured at the weir as expected, but also takes place across the orographic
left hand side of the clay wall. Figure 2.7 presents the section of an aerial picture
showing the location of the clay wall. We believe that the distinct moist structure
downslope the clay wall, following an east–west alignment, is the result of subsur-
face water flowing across the clay wall and re-entering the surface layer of the soil.
It is unlikely that the moisture originates from the large erosion rill nearby, since
there is no slope gradient in east–west direction for water to flow along. Visual
inspection during summer also shows vegetation to be denser in the region of the
structure, indicating better moisture conditions for plants to grow. Subsurface
flow through the weir at the clay wall (Qweir) was measured every 10 minutes with
a tipping bucket. The gauged values ranging from 0.27 to 8.6 lmin−1 (average of
0.9 lmin−1) follow the precipitation dynamics (Figure 2.8). The generally small
values of Qweir can be explained on the one hand by the considerable fraction
of surface runoff occurring at this stage of the catchment development. On the
other hand, the low values also indicate that subsurface water may flow lakewards
besides the weir. Additionally, there were a few technical problems with the meas-
uring instrument (e.g. inhibition of flow caused by eroded material and freezing
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Figure 2.7: Aerial picture showing the location of the clay wall (dashed line) and the
surface moisture pattern as indicator for flow across the clay wall (encircled). The dark-
toned (moist) features crossing the clay wall in north–south direction are erosion rills.
The square locates the position of the water content sensors (dots) that were installed
to monitor water flow across the wall.
during wintertime), so that the absolute values of Qweir have to be interpreted
carefully.
To attain more information on subsurface flow, especially in the vicinity of the
clay wall, the moisture conditions near the observed wet soil pattern described
above were measured with ten water content sensors (ECH2O probes, Decagon
Devices, Inc., Pullman, USA) buried in 0.1m soil depth. The ECH2O instruments
measure the dielectric constant of the substrate (every 5 minutes in our case)
and convert it to volumetric water content according to a calibration curve. The
probes were arranged in flow direction along a transect, where water is expected
to flow across the clay wall and cause the moisture pattern at the soil surface. The
transect was further divided into two subtransects with 5 probes each, separated by
the clay wall in the underground. The subtransect northwards from the clay wall
is named N-transect, whereas the subtransect located southwards (downslope) is
termed S-transect (Figure 2.7). The spacing between the probes is 1m. We expect
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Figure 2.8: Precipitation, subsurface runoff measured at the weir in the clay wall and
soil moisture difference index, ∆θ, between the 4th of July 2008 (day 185) and the 26th
of December 2008 (day 360). The soil moisture difference index quantifies the water
content difference between the northern part (upslope of wall) and the southern part in
downslope direction. Negative values occurring in course of heavy rainfall events indicate
water flow across the wall. Occasionally, negative index values are related to outflow
from the weir, which is a result of water collection behind the clay wall.
that before water can cross the clay wall, it is collected behind the wall resulting
in higher water contents than downslope until water is spilled across the wall
increasing water content in downslope direction. To indicate the water flow over
the clay wall, we introduced a soil moisture difference index ∆θ defined as
∆θ =
1
k
(
k∑
j=1
θN,j −
k∑
j=1
θS,j
)
(2.1)
where θ is volumetric water content, subscripts N and S denote N-transect and
S-transect, respectively, and j stands for the probe number (with k = 5 probes).
Thus, a positive value of ∆θ indicates collection of water in the N-transect while
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negative values corresponds to higher water content in the southern part because
of water crossing the clay wall. Figure 2.8 shows the moisture difference index for
the time period between the 4th of July 2008 and the 26th of December 2008. It can
be seen that soil conditions on the southern transect become wetter (negative ∆θ)
for large precipitation events, which points to the occurrence of water flow across
the clay wall as soon as a certain amount of rainfall is reached. The comparison
between the soil moisture difference index and the runoff data at the clay wall weir
shows a good agreement in that runoff peaks are often correlated with moister soil
conditions on the S-transect. This is a clear evidence of flow over the clay wall for
wet conditions.
2.4.3 Surface erosion structures
Surface runoff led to the formation of a gully network immediately after comple-
tion of the catchment (Figure 2.9). In the first year of ecosystem development the
groundwater table of the catchment was located one to two metres below the soil
surface (Mazur et al., 2011). Therefore, the influence of exfiltrating groundwater
on the rill development was negligible and rill erosion must have been controlled by
limited infiltration. The relatively low measured saturated hydraulic conductivi-
ties at the soil surface and the initially completely missing vegetation cover support
this assumption. To investigate the evolution of the catchment surface in time,
microdrone- and helicopter-borne aerial images were taken once per year between
September 2005 and April 2010. The assessment of erosion rills by remote sensing
techniques has proven to be a successful method to determine the geometry of ero-
sion rills (Bobrovitskaya and Vorozhbitov, 1979; Hancock et al., 2008; Waythomas
et al., 2010), their dynamics (Daba et al., 2003) and the volume of eroded soil on
a slope (Watson and Evans, 1991). From the aerial images, we visually digitised
the backbone of the rill network of the different years (Figure 2.10a). The main
rill network connecting the slope with the lake area established already during the
first year (between October 2005 and September 2006). A major rill formed in the
middle of the catchment, running around the weir facility at the lower end of the
slope, and spanning the entire area in northwest–southeast direction.
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Footslope Backslope
Lake
N
Figure 2.9: Overview of the man-made catchment Chicken Creek (aerial image from
June 2007) with grey lines marking the boundary of the field site. Note the erosion rills
visible at the footslope. Insets: Erosion rills developed in the catchment (left image
taken in June 2006, right image taken in September 2006) with white and orange lines
emphasising contour and depth of the rills. The large rill in the left image is about 0.5m
deep, whereas the depth of the rill in the right image is only a few centimeters.
The network density was high on the footslope, and, apart from the main
middle rill, negligible on the backslope. The second year (September 2006 – June
2007) was characterised by elongation and further branching of the existing erosion
rills, but no new major rills reaching down to the lake were formed. In the following
years (July 2007 – April 2010) only minor rill expansions and short new tributaries
were detected and the rill network approached a steady state. Figure 2.10b quan-
tifies the network evolution over the years and reveals that 63% of the maximum
rill network (the network in 2010) formed in the first year, 25% in the second year,
8% in the third year, and 3% and 1% in the fourth and the fifth year, respec-
tively. Additionally to the initial state of the catchment surface (Figure 2.2a), the
developed state in 2008 was also reproduced by a DEM (Section 4.3.2). Both of
the DEMs have a spatial resolution of 1m.
Rill depth measurements taken in September 2008 are available for four trans-
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Figure 2.10: Erosion rill evolution with time. (a) Backbone of the rill network extracted
from aerial images. The dark brown lines denote the rill network formed in the first year
(October 2005 – September 2006). The orange lines represent the rills, which developed
after the first year until April 2010. The circles indicate the positions of the rill depth
measurements obtained by laser scanning. The positions are enumerated from West to
East along the transects. The first position of each transect is marked in the figure
with the name of the transect and the number 1 (e.g. A1: A for A-transect and 1 for
the first measurement position in the transect). The green star marks the location of
the weir facility. (b) Evolution of the total erosion rill length Lr. Rill evolution in the
figure starts from the unrilled state of the surface in October 2005 and ends with the
most actual aerial image available in April 2010. Rill growth was intense in the first
year and successively decreased afterwards. The network length in 2010 is considered as
maximum total rill length. In the first year 63% of the total network length developed.
verse transects in the catchment. The data were obtained by a Riegl LMS-Z420i
laser scanner mounted on a 6m high tower on various positions inside of the
catchment. The four transects were extracted from the data and a raster based
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minimum filter was applied to remove the vegetation from the data. To recon-
struct the surface without the rills, a spline with 30 degrees of freedom was fitted
using a 90%-quantil regression (R Development Core Team, 2008; Koenker, 2011).
The distances from the measured minimum points to this spline was used as rill
depth. By applying a local minimum finder (‘peak’ from Ruckstuhl et al., 2010)
the major individual rills were extracted. The depth measurements of totally 18
rills (Figure 2.10a) were used to compare the simulated with the observed rills.
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3.1 Motivation
Catchment discharge after rainfall events is a nonlinear relationship of the rain-
fall pattern controlled by the catchment topography, soil hydraulic properties and
spatial arrangement of hillslope elements. Regarding the spatial arrangement of
hillslope structures the concept of hydrologic connectivity was recently introduced.
In a broad sense, hydrologic connectivity relates to the passage of water from one
part of the landscape to another, eventually generating a catchment runoff response
(Bracken and Croke, 2007). However, as Stieglitz et al. (2003), we confined our
definition of hydrologic connectivity to the condition by which disparate regions
on the hillslope are linked via subsurface water flow. These flow paths consist of
soil regions of increased hydraulic conductivity due to high soil moisture content,
coarse texture or macropores. In catchment and hillslope hydrology, hydrologic
connectivity becomes especially important if the network of subsurface flow paths
connects to the outflow of the system and substantially contributes to stream run-
off. Research on the generation of connected subsurface flow paths, the dynamics
of merging and disconnection of conductive patterns and the spatial extension of
flow path networks has become an intense area of research in recent years. How-
ever, there is still a lack of understanding regarding controls on development and
spatial distribution of subsurface flow paths, and the relation of hydrologic con-
nectivity to stream runoff. One reason for this uncertainty is the difficulty to
deduce subsurface flow paths directly from field observations. Although there are
several studies where subsurface flow paths were measured directly by geophysical
methods (e.g. Gish et al., 2002; Holden, 2004) or where flow paths were derived
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from chemical analysis of soil water (e.g. Prestrud Anderson et al., 1997; Hogan
and Blum, 2003), the localisation of subsurface flow paths at the catchment scale
remains an unsolved issue. In addition to the unknown spatial distribution of
conductive hillslope elements, the uncertainty regarding hydraulic functions and
conditions of the soil constituents such as hydraulic conductivity (Nyberg, 1995)
or initial soil moisture (Merz and Plate, 1997; Bronstert and Bárdossy, 1999) lead
to considerable difficulty to predict catchment discharge.
With increasing availability of digital elevation models (DEMs) topography was
often used as an indirect pointer for water flow paths. Hydraulic gradients derived
from surface topography have been widely used in topographic indices to simulate
the direction of flow paths (e.g. Beven and Kirkby, 1979; Sivapalan et al., 1987;
Barling et al., 1994). However, the use of such indices has been questioned for
catchments with distinctly different bedrock topography than surface topography.
Freer et al. (1997) and Freer et al. (2002) have shown that the bedrock surface
can have a considerable influence on local hydrological gradients and therefore
the dominant flow path directions. Tromp-van Meerveld and McDonnell (2006)
formulated the fill and spill hypothesis, stating that bedrock depressions on the
hillslope have to be filled by the transient water table before water spills over the
microtopographic relief in the bedrock and connects to other saturated areas and
eventually to the outflow. A similar mechanism was observed by Spence and Woo
(2003) for a soil filled valley on the subarctic Canadian Shield, where segments
of the valley, representing storages, have to be filled above their capacity before
spillage allows flow in downslope direction.
The sudden connection of subsurface flow paths to the hillslope or catchment
outflow was used to explain the highly nonlinear relationship between rainfall and
subsurface stormflow observed in many catchments (Lehmann et al., 2007; Tromp-
van Meerveld and McDonnell, 2006). It was only recently that the threshold-like
behaviour of this process has been noticed as an emergent behaviour at the hillslope
scale (McDonnell, 2003). Further research is needed for a clearer understanding of
the linkages between patterns and processes, i.e. the internal hillslope conditions
that create the threshold behaviour (McDonnell et al., 2007).
In this Chapter we investigate the three-dimensional structure and connectivity
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of subsurface flow paths in the catchment and we examine the impact of flow path
connectivity on catchment runoff. As already outlined in the introduction the
study intends to answer the following questions:
• Where do subsurface drainage pathways evolve in the catchment?
• What are the factors controlling the establishment of a flow path network?
• How does subsurface flow path connectivity relate to the observed rainfall
threshold for catchment runoff?
We hypothesise that the evolving flow path structures in the catchment depend
on small-scale heterogeneity of soil physical and hydraulic properties, soil depth
and slope topography. To model subsurface drainage pathways we need three-
dimensional models with accurate spatial resolution to reconstruct relevant het-
erogeneities. Due to the hydraulic properties of the soil material from the Chicken
Creek catchment with a threshold-like behaviour regarding water flow (high con-
ductivity for wet conditions and limited conductivity for dry soil) we will apply
Percolation Theory to model the drainage network in three dimensions. In Sec-
tion 3.2 the concepts of percolation theory and its application on subsurface flow in
the man-made catchment are introduced. The results of the three-dimensional per-
colation model are presented in Section 3.3 and discussed in Section 3.4, followed
by concluding remarks in Section 3.5.
3.2 Application of Percolation Theory
3.2.1 Basic concept of Percolation Theory
Percolation Theory is a useful tool to describe and quantify complex structures and
relationships between connectivity and threshold phenomena (Hunt and Ewing,
2009). In the following section the core concept of Percolation Theory and its
relation to catchment hydrology are briefly introduced. As an artificial example
we choose water flow on a simplified hillslope represented by a two dimensional
orthogonal lattice with x × y cells, where ymax represents the top of the slope
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and the outflow is located at ymin (Figure 3.1a). Every cell i(x,y) of the lattice
can be in one of two states, either occupied or non-occupied, and defines in the
context of hillslope drainage if a hillslope element is ‘open’ or ‘closed’ regarding
water flow. By definition the state of a cell, occupied or non-occupied, is assigned
by a random process (Broadbent and Hammersley, 1957) and is independent of
the state of the other cells (Figure 3.1b). The occupation probability p describes
the fraction of occupied cells in the system. For a certain occupation probability
p the distribution of the cell states can be achieved by assigning to every cell a
random value R between 0.0 and 1.0. Comparing R to the occupation probability
p a cell becomes occupied if R ≤ p and non-occupied if R > p. For lattices of
infinite size the occupation probability equals the fraction of occupied cells. Note
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Figure 3.1: Schematic percolation model for a simplified hillslope. (a) The dark cells
are occupied, i.e. conductive to water flow. The cluster (group of connected occupied
cells) on the left does not account for runoff at the bottom of the slope in contrary to
the draining cluster on the right. Due to gravity, water flow is only allowed in horizontal
and downslope direction as indicated by the yellow arrows. (b) To determine the state
of a cell a random number between 0.0 and 1.0 is assigned to each cell and all cells with
random number below or equal the chosen occupation probability p (p = 0.5 in this
example) become occupied. When increasing p gradually from 0.0 to 1.0 more and more
cells become connected and eventually a percolating cluster is established. In the given
example a percolating cluster (yellow framed cluster) occurs at p = 0.5. Note that each
cell can only be connected to the four closest neighbours.
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that for small lattices the fraction of occupied cells can deviate from the defined
occupation probability p.
In addition to the state of a cell its neighbourhood must be specified. A cell
is connected to a certain number of cells (for example the four adjacent cells
in orthogonal direction) defined as coordination number Z of the lattice. In a
hydrological context an open cell can exchange water with the open cells of its
neighbourhood. Due to the focus on gravity driven flow in this study a cell at
position (x, y) cannot exchange water with a neighbour above (x, y + 1), limiting
water exchange to the cell below and the left and right neighbours at the same
level.
A cell is connected to a neighbour if both cells are occupied. A set of connected
cells surrounded by non-occupied cells is called a cluster. As all cells in a cluster
are open to flow, a cluster is able to conduct water. A cell contributes to outflow
from the hillslope if the cluster touches the bottom line of the slope. We call these
clusters that are connected to the outflow boundary at the bottom as ‘draining
clusters’.
With increasing occupation probability p clusters merge and the average size
of a cluster increases. At the critical occupation probability denoted as perco-
lation threshold pc a percolating cluster, i.e. a cluster from the top of the slope
to the outflow, establishes and water is able to percolate all through the system
(Figure 3.1b). As the percolation threshold depends on the random distribution
of states, several simulation runs from p = 0.0 to p = 1.0 with different random
number distribution are required to determine the average percolation threshold
of the lattice. Stauffer and Aharony (1992) defined the percolation threshold as
pc =
∫ 1
0
p
(
dΠ
dp
)
dp (3.1)
where Π denotes the percolation probability, which is defined as the ratio between
the number of realisations with percolating cluster (for a certain occupation prob-
ability p) and the total number of realisations with occupation probability p.
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3.2.2 Model adaption to hillslope geometry
Modelling the complex three-dimensional drainage pathways in the Chicken Creek
catchment required several adaptations compared to the simple percolation ex-
ample presented in the previous section. A three-dimensional simple cubic lattice
was used to discretise the geometry of the catchment. In order to realistically rep-
resent the relevant structures of subsurface flow a high resolution (0.25m) in each
of the lattice directions x, y and z was chosen. Following the variable catchment
extension in x-, y- and z-direction the discretised lattice obtains a specific shape
with irregular boundaries and an average slope gradient of 2◦.
The simple cubic lattice was further discretised to a face-centred cubic (fcc)
lattice. The basic structure of the fcc lattice for a cell and its twelve neighbours
is shown in Figure 3.2a. The advantage of the fcc lattice over the simple cubic
lattice is its high cell connectivity (Z = 12 for the fcc lattice compared to Z = 6
for the nearest neighbours of the simple cubic lattice) favouring the representation
of systems, where connectivity plays a key role. However, we consider only gravity
driven water flow in the model, thus the neighbourhood of a lattice cell i(x,y,z) is
not defined by the full fcc neighbourhood, but only by the eight neighbouring cells
located topographically at equal height or lower. We further refer to the modified
fcc lattice set up for the Chicken Creek catchment as the ‘Chicken Creek lattice’.
The effective size of the lattice consists of 3 661 303 cells, where each cell represents
the volume Vi of a rhombic dodecahedron of 31 litres in volume (Figure 3.2b).
3.2.3 Percolation threshold of hillslope model
Before we will analyse the drainage behaviour of the Chicken Creek lattice, we
compare it to properties of other three-dimensional lattices with well-defined prop-
erties. Silliman and Wright (1988) have shown that the percolation threshold of a
finite simple cubic lattice depends on lattice size. Chatzis and Dullien (1977) have
reported that a minimum lattice size in the order of 20× 20× 20 cells is reasonable
to approximate the percolation threshold of an infinite lattice. In another study,
Silliman (1990) investigated the extensions in x-, y- and z-direction of a simple
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Figure 3.2: Three-dimensional model lattice structure of the percolation model. (a)
Basic structure of the face-centred cubic (fcc) lattice for a resolution of 0.25m. A cell
(black sphere) is connected to the 12 neighbouring cells at distance
√
2 0.25m (grey
spheres). (b) Representative volume Vi of a cell in the fcc lattice (yellow) and six
neighbours (blue). The unit volume Vi equals 31 litres for the lattice resolution of
0.25m.
cubic lattice and found the vertical dimension z to be crucial for the value of the
percolation threshold. Independent of the lateral lattice extensions x and y (for x
and y > 5) a reduction of the vertical dimension z to a value of 10 hardly affected
the percolation threshold value of the simple cubic lattice, whereas for z < 10 the
percolation threshold increased exponentially with decreasing z (Silliman, 1990).
Additionally, the percolation threshold of a three-dimensional lattice depends on
the coordination number Z, i.e. on the average connectivity of a lattice cell. The
percolation threshold decreases with increasing coordination number as has been
shown for three-dimensional lattice structures with different coordination number
(Sahimi, 1994). Ewing and Gupta (1993) tested the effect of a varying coordi-
nation number between 1 and 6 for the simple cubic lattice and also showed an
increase of the percolation threshold with decreasing coordination number.
To assess the effect of size, shape, slope and neighbourhood on the percolation
threshold of the Chicken Creek lattice, we used three test lattice configurations
of the same size (i.e. number of cells) as the Chicken Creek lattice. We designed
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the ‘box lattice’ (x = y = z = 194 cells) to assess the influence of lattice size,
the ‘sheet lattice’ (x = 1750, y = 525, z = 8) to examine the effect of the lattice
shape, and the ‘slope lattice’ (x = 1750, y = 525, z = 8) to test the effect of
a slope gradient of 2◦. Additionally, the effect of neighbourhood was tested by
simulating each of the three lattice configurations with the full fcc neighbourhood
(12 neighbours) and with the modified fcc neighbourhood used for the Chicken
Creek lattice (8 neighbours). The percolation thresholds were calculated according
to Equation (3.1) for all three test lattice configurations with full and modified fcc
neighbourhood, respectively.
To check the minimum number of realisations needed in order to determine the
percolation threshold of the Chicken Creek lattice, we performed 80 realisations for
each of the test lattices (Appendix). As only the fourth decimal of the percolation
threshold is affected after 50 realisations for all of the test lattice configurations,
we consider 50 realisations to be appropriate to calculate the percolation threshold
(and other properties) of the test lattices and the Chicken Creek lattice.
Figure 3.3a shows the percolation thresholds for the three test lattices with
the full fcc neighbourhood. Since the percolation threshold for the box lattice
(0.200) is very close to the threshold approximated for the infinite fcc lattice,
0.199 (Lorenz and Ziff, 1998), the number of cells included in the Chicken Creek
lattice is considered large enough to minimise the effect from lattice size. The
percolation threshold for the sheet lattice was calculated to 0.252. The difference of
percolation threshold between the box lattice and the sheet lattice can be explained
on the one hand by the increase of surface for the sheet lattice. A cell at the
lattice boundaries only has 3, 5 or 8 neighbours depending on the cells location
at a corner, boundary edge or boundary face, respectively. This leads to a small
reduction of the coordination number causing lattice connectivity to decrease. On
the other hand, the reduced lattice extension in z-direction from 194 to 8 cells
significantly decreases the probability for the formation of a percolating cluster
in x-y-direction of the sheet lattice. Both effects account for a higher percolation
threshold. The percolation threshold for the slope lattice with a gradient of 2◦ is
0.253 and demonstrates that the slope gradient has a negligible effect on the fcc
lattice with full neighbourhood.
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Figure 3.3: Percolation thresholds deduced from Π, the ratio between realisations with
a percolating cluster and the total number of realisations with occupation probability p.
At the percolation threshold the value of Π changes from 0.0 to 1.0. The lattice used
to model the Chicken Creek catchment is compared to lattices of the same size with
different geometries (cubic system denoted as ‘box’, flat system ‘sheet’ and flat system
with a ‘slope’. (a) For lattices with 12 neighbours the percolation threshold for the sheet
and the slope lattice is higher compared to the box lattice due to a limited number
of connections in z-direction. (b) For coordination number 8 all threshold values are
increased. The difference between the sheet and slope lattice reveals the effect of slope
on percolation properties. (c) The percolation threshold of the ‘Chicken Creek lattice’
(connectivity 8) is close the value determined for the slope lattice.
Figure 3.3b shows the percolation thresholds for the three test lattice configura-
tions with 8 neighbouring cells. For the box lattice the connectivity reduction from
12 to 8 neighbours led to the increase of the percolation threshold to 0.272. For the
sheet lattice and the slope lattice the percolation threshold increased drastically to
0.584 and 0.533, respectively. Again, this can be explained by the increased surface
of the sheet lattice and the slope lattice and the fact that the average coordination
number of the system is reduced from 12 to 8 neighbours. While the percolation
thresholds were almost identical for sheet lattice and the slope lattice in case of
coordination number 12, the slope lattice has a smaller percolation threshold than
the sheet lattice for Z = 8. In case of the sheet lattice it is impossible that a cell
at the bottom layer (maximum soil depth) is connected to a cell below because
the bottom layer is flat. For the slope lattice this is different because a cell at the
bottom can be connected to a cell below located in downslope direction.
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The average percolation threshold of the Chicken Creek lattice for the 50 sim-
ulation runs is 0.539 (Figure 3.3c) and is very similar to the percolation threshold
of the slope lattice. The analysis of the different test lattice configurations shows
that the high percolation threshold of the Chicken Creek system can be explained
by the combination of two types of connectivity reduction. The first and more im-
portant one is attributed to the reduction of the coordination number from 12 to
8. The second lattice connectivity reduction arises from the narrow system shape
leading on the one hand to a large lattice surface, and thus to more lattice cells at
the boundary having a coordination number smaller than eight, and on the other
hand to a reduced probability of percolating cluster formation in x-y-direction.
3.2.4 Definition of occupation probability and drainage ca-
pacity in a hillslope model
As described above, an open cell corresponds to a hillslope element that can drain
and conduct water. While a random number between 0.0 and 1.0 was used in
the simplified example of Section 3.2.1 to define the state of a cell, we have to
interpret the random value assigned to each cell from a soil physical point of view.
The hydraulic conductivity of the sandy soils in the catchment is very sensitive
to water content with large conductivity values for wet and small values for dry
conditions. We define a ‘free water capacity threshold’ θt separating conductive
(θ > θt) and non-conductive cells (θ ≤ θt), assuming that for conductive cells
hydraulic conductivity is not limited and water can flow into the lake within a
rainfall event. To determine θt we used a concept presented in Lehmann et al.
(2008). They linearised the water retention function (relationship between capil-
lary pressure and water content) with a tangent defined at the maximum of the
pore size distribution function. This line was used to define the disconnection of
liquid structures in the sand media. The maximum of the pore size distribution
corresponds to the inflection point of the water retention curve. Below the water
retention curve according to the van Genuchten parametric model (van Genuchten,
1980) and the free water capacity threshold are given:
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Θ =
θ (h)− θr
Φ− θr =
(
1 + (ah)n
)
−(1− 1n) (3.2)
θt = (Φ− θr) θr
(
2− 1
n
)( 1n−1)
(3.3)
Θ is the effective water saturation, θ (h) is the water content at pressure h, θr is
the residual water content, Φ is the porosity, α is the inverse of a characteristic
pressure head, and n is the pore size index. In Figure 3.4a the determination of
the threshold water content is shown in an example.
The free water capacity threshold was calculated based on the van Genuchten
parameters of all the 316 texture sample sites introduced in Section 2.3.1. There-
after, we computed the free water capacity threshold values for all the water reten-
tion curves according to Equation (3.3). We assume that texture properties, and
therefore free water capacity threshold values, are randomly distributed in space.
Technically, we assigned random values between 0.0 and 1.0 to all lattice cells.
The random numbers were then converted to free water capacity threshold values
according to the sum distribution of the 316 texture sample sites (Figure 3.4b).
For the modelling approach presented in this study, we assume uniform soil
water content for the entire catchment. Thus, the volumetric water content θ was
defined to be equal for each cell of the lattice. For θ ≤ θt(x,y,z) no drainable water
from the lattice cell i(x,y,z) is available, but for θ > θ(x,y,z) drainable water is present
at the cell. The lake at the topographically lowest region of the catchment is set
as the outflow for the percolation model. Connected cells with water contents
above the free water capacity threshold value form clusters. The clusters, which
are connected to the lake are called ‘draining clusters’ and represent the drainage
pathways. A cell belonging to a draining cluster is called a ‘draining cell’. Note that
a cell with drainable water not being part of a draining cluster cannot contribute
to catchment runoff. The volume of drainable water from a cell Vw(x,y,z), the total
volume of drainable water (i.e. the entire subsurface flow from the catchment) Vd,
and the total amount of drainable water d scaled according to the catchment area,
are given as
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Figure 3.4: Determination of the threshold water contents and their allocation to the
model cells. (a) Definition of the free water capacity threshold θt as the corresponding
water content at the inflection point of the water retention curve. The inflection point
denotes the maximum of the pore size distribution. The pore size distribution is ex-
pressed as the absolute value of the first derivate of the water retention curve (displayed
schematically in the figure). (b) Sum curve of the free water capacity threshold values
derived from the 316 sample sites. The random numbers between 0.0 and 1.0 allocated
to the lattice cells were transformed to free water capacity thresholds according to the
sum curve. For example, the random number 0.5 yields a free water capacity threshold
of 0.3286 (arrows). Linear interpolation was used between the 316 points of the sum
distribution curve so that there is a corresponding free water capacity threshold value
for any number between 0.0 and 1.0.
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Vw(x,y,z) = Vi
(
θ − θt(x,y,z)
)
for θt(x,y,z) < θ < Φ(x,y,z) (3.4)
Vd =
∑
Ω
Vw(x,y,z) (3.5)
d =
Vd
As
(3.6)
θ is the catchment water content, Φ(x,y,z) is the porosity at the cell i(x,y,z), Ω denotes
the set of cells belonging to a draining cluster and As is the catchment area.
We analysed draining clusters, when the water content in the catchment was
gradually increased from 0.2701 to 0.362, according to the minimum and max-
imum free water capacity threshold. We paid special attention to the behaviour of
draining clusters near the percolation threshold. The results are presented in the
next section.
3.3 Results
3.3.1 Characterisation of drainage pathways
Figure 3.5a shows how draining clusters develop with increasing water content from
0.3286 to 0.3310 (corresponding to the occupation probability from 0.50 to 0.54)
for a single simulation run. Up to the water content of 0.3291 (p = 0.51) draining
clusters (connected to the lake) are only found in the immediate vicinity of the
lake. This is because the cells in the catchment containing drainable water (θ > θt)
are poorly connected and therefore the probability that a large draining cluster
establishes is small. However, with rising water content the number of cells with
exceeded free water capacity threshold is augmented, increasing the probability
that draining clusters expand and merge. For the water content 0.3294 draining
cells near the lake suddenly connect to an upslope cluster and a large draining
cluster forms across the clay wall on the orographic left hand of the catchment.
This dominant cluster further expands with increasing water content. For the
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Figure 3.5: Modelled drainage pathways showing the concentration [m3 m−3] and total
depth d [mm] of drainable water connected to the lake for an increasing occupation prob-
ability p (steps of 0.01) starting from p = 0.50 and ending with p = 0.54 (corresponding
to a catchment water content θ between 0.3286 and 0.3301). The results are displayed
as two-dimensional projections upscaled to 1m resolution. The grey area marks the
lake. (a) Results for a single realisation of randomly distributed free water capacity
thresholds. (b) Average of 50 realisations, filtered by a 3 × 3 moving window. Note
that a small change of water volume in the system has a huge impact on the amount of
drained water. For high water contents the drainage pathways cross the clay wall at the
orographic left side of the catchment.
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water content 0.3301 a percolating cluster establishes and hydrologically connects
the lake with the top of the slope.
Figure 3.5b shows the average amount of drainable water of 50 realisations with
different underlying random distribution of free water capacity threshold values.
The essential characteristics of the single realisation, i.e. the strong tendency for
draining clusters to establish on the orographic left hand side of the catchment
and the immediate growth of the main draining cluster between the water content
0.3291 and 0.3310 are also revealed with the average of 50 simulations.
3.3.2 Controls on the development of drainage pathways
The catchment geometry has a large influence on the connection of draining cells.
This becomes evident when the growing of flow paths with increasing water content
is investigated more closely. The region of shallow soil depths around the lake is
represented by few cells in the vertical extension of the model lattice, causing a
reduction of the probability that cells with drainable water occur in this region.
Consequently, the connection of draining cells in the vicinity of the lake with
upslope clusters does not establish easily and often depends only on a few cells
acting as bottleneck. This is illustrated in Figure 3.6 showing the three-dimensional
flow paths of a single simulation for a catchment section near the lake. At p = 0.52
the draining cells near the lake connect to upslope clusters and a large draining
cluster is formed, which extends far across the clay wall on the orographic left
hand side of the catchment. This demonstrates that the rather low clay wall on
the eastern part of the catchment does not act much as a barrier to flow path
connection. However, on the western catchment part the combination of shallow
soil depths around the lake and a high clay wall virtually prevent flow patterns
to form across the western clay wall for the range of water content displayed in
Figure 3.5. Nevertheless, for a few of the 50 simulations the main draining cluster
at water content 0.3310 develops a branch on the orographic right hand side of the
catchment. This is indicated by the small values of drainable water in the area
around the clay wall northwest from the lake. This area becomes better connected
to the lake only for wetter conditions in the catchment.
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Figure 3.6: Draining clusters for a single realisation at water content 0.3294 (p = 0.52)
and detailed three-dimensional view of a section showing different clusters connected to
the lake. A draining cell connected to the lake is represented by a coloured cube. The
relatively sparsely connected areas close to the lake reflect the shallow soil depths in this
area. Whether a large cluster can form is highly depending on the connections of cells in
this area. The large reddish cluster, for example, is connected only through a few cells
around x = 97, y = 62, z = 2 acting as bottleneck for outflow.
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It is apparent from the simulation results presented in Figure 3.5 that the
weir facility does not manage to concentrate the subsurface flow paths and to
capture the entire subsurface flow. This was already indicated by the unreliably
low subsurface flow values measured at the weir.
3.3.3 Outflow
The evolution of simulated draining clusters describes the transition from an un-
connected to a highly connected system as a nonlinear, threshold-like process de-
pending on a very small increase in water content. Figure 3.7 shows that a rise in
water content of only 0.0029 (from 0.3291 to 0.3320 or from p = 0.51 to p = 0.56,
respectively) close to the percolation threshold (pc = 0.539) is needed to switch
the system from an unconnected state with a fraction of draining cells of only
0.007 to a highly connected state with a fraction of draining cells of 0.478. For
the poorly connected state the outflow does not exceed 0.3mm, but as soon as the
main draining cluster connects to the upslope catchment area the outflow increases
drastically. The small water content increase from 0.3291 to 0.3320 (from p = 0.51
to p = 0.56) accounts for the seventyfold increase of outflow from 0.3 to 21.4mm
(Figure 3.7). For water contents exceeding 0.3320 (p = 0.56) the relation between
water content and outflow is described by an almost linear function. For high
water contents (> 0.3387, i.e. p > 0.7) the fraction of draining cells nearly equals
the occupation probability illustrating that virtually all cells containing drainable
water are connected and contribute to the outflow.
Comparing the simulated amount of drainable water with the measured catch-
ment runoff (Figure 2.6) reveals that the simulated values are in the right order of
magnitude. The maximum measured runoff peak lies between 30 and 57mm (de-
pending on the number of days without rainfall chosen to separate precipitation
events) corresponding to the occupation probability 0.652 and 0.936, indicating
a highly saturated catchment, respectively. However, keeping in mind that the
measured outflow integrates subsurface flow and surface runoff the outflow peaks
for subsurface flow from the catchment are considered to be somewhat lower.
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Figure 3.7: Sum curve of drainable water (black circles) and fraction of draining cells
(grey circles) for an increasing occupation probability or water content, respectively. The
curves represent the average of 50 simulation runs. At the percolation threshold many
cells with drainable water form a connected structure resulting in tremendous increase
of outflow.
3.4 Discussion
3.4.1 Drainage pathways
In the past few years the role of hydrologic connectivity for catchment outflow and
rainfall-runoff behaviour has been recognised for many hillslopes and small catch-
ments. McDonnell (2003) suggested reconsidering common hydrological concepts
(such as the variable source area concept, the assumption of a steady-state catch-
ment water table, or the use of topography as a surrogate for flow paths) widely
used in hydrological models, because they are not able to describe these threshold-
like processes. Although a few studies relating subsurface flow path connectivity
and nonlinear catchment outflow have been published recently (e.g. Ocampo et al.,
2006; Tromp-van Meerveld and McDonnell, 2006; Lehmann et al., 2007), there is
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still a lack of understanding about the properties controlling the flow path patterns
along a hillslope and how these processes relate to catchment runoff. The present
study tackled these issues and gave more insight into the relationship between
drainage patterns and subsurface flow.
Percolation theory was applied to describe the drainage pathways in a het-
erogeneous system consisting of elements in one of two hydraulic states (high or
limited conductivity). Percolation theory is appropriate to relate connectivity to
threshold phenomena, such as the establishment of a flow path network. The
model showed that drainage pathways develop mainly on the orographic left hand
side of the Chicken Creek catchment and do not concentrate at the weir in the
clay wall as it was planned when the catchment was constructed. Several indi-
cators support these simulation results: the unreliably low subsurface flow values
measured at the weir, visual observations (moist structure lakewards from the wall
described in Figure 2.7) and soil moisture data (soil moisture difference index de-
scribed in Figure 2.8). While the ‘true’ spatial distribution of hydraulic properties
is unknown and is chosen based on the distribution of the measured soil properties
(Figure 3.4b) the three-dimensional percolation model includes the true geometry
(slope, soil depth) of the system. Based on the percolation model a subsurface flow
path network is generated as a function of hydrologic connectivity determined by
small-scale variables such as soil depth, slope gradient, microtopography of the
clay layer and water content. These variables account for the highly threshold-like
establishment of the flow path network connecting the outflow (i.e. the lake) with
the upslope part of the Chicken Creek catchment. The sudden connection of drain-
age pathways to a large network involves the instantaneous availability of a large
amount of drainable water causing the observed nonlinear behaviour of catchment
runoff (Figure 2.6). For precipitation events with a sum of rainfall smaller than
9mm the occupation probability of the catchment remains lower than the perco-
lation threshold (Figure 3.7). However, as soon as the rainfall threshold of 9mm
is exceeded the percolation threshold is reached and outflow is suddenly initiated.
The percolation model developed in this study emanates from uniform catch-
ment water content without relating it to precipitation events, temporal dynam-
ics or depth dependent soil water content. Therefore, the model should not be
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compared to a distributed hydrological model describing the dynamics of runoff
behaviour in detail. The goals of the percolation model were to explain the nonlin-
ear rainfall-runoff response and to simulate the subsurface flow paths by relating
connectivity to soil physical properties and to catchment geometry. With this
model approach alternative aspects of subsurface flow generation are added to the
scientific field of hydrological modelling.
3.4.2 Model assumptions
3.4.2.1 Model structure
The evolving drainage pathways in the Chicken Creek catchment were very sensi-
tive to the spatial distribution of soil depth and hydraulic properties (conductive
or not). Therefore the chosen model must represent structures with a reasonably
high resolution. The resolution of 0.25m in the three lattice directions x, y and z
has proven to capture the flow paths indicated by measurements and field observa-
tions. However, it has been shown that the establishment of flow path connectivity
often depends only on a few lattice cells in the vicinity of the lake even for the
small lattice resolution of 0.25m. Convergence studies for an increasing lattice
resolution will give more insight into the relationship between the threshold-like
establishment of flow path connectivity and lattice resolution.
Regarding further development of the percolation model the spatial lattice
resolution of 0.25m is appropriate as it is able to capture evolving small-scale
structures, such as vegetation patterns, the length of plant roots or surface erosion
rills. The evolving vegetation and erosion rill patterns are assessed on the one hand
from recurring aerial pictures and on the other hand from high resolution digital
elevation models based on a periodic laser scanning of the catchment surface.
Connectivity is an essential feature of flow path development and has to be
represented adequately in the model. We used the modified face-centred cubic
(fcc) lattice with 8 neighbours to describe the hydrologic connectivity of hillslope
elements. The use of the full simple cubic lattice neighbourhood with 26 neighbours
or 17 neighbours in gravity driven flow direction, respectively, would certainly
refine the results quantitatively. However, the fcc structure of the lattice has the
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benefit of being equidistant. This is a considerable computational advantage for
model studies on soil water dynamics.
3.4.2.2 Water content
In its current state the model describes the subsurface flow paths for static mois-
ture conditions in the catchment. By gradually increasing the water content in
the whole catchment we mimicked a very much simplified process of saturating the
system. Nevertheless, the assumption of equal water content is rather unrealistic
as soil moisture varies within the soil. However, using equal water contents, it
was possible to test the sensitivity of outflow patterns on small-scale soil physical
heterogeneities. Further simulations including spatially heterogeneous soil water
contents, for example increasing water contents with soil depth, could give more
insight into the behaviour of subsurface flow paths development. Time-domain
reflectometry, tensiometer and groundwater level measurements currently conduc-
ted in the catchment will yield the required information about the location of the
groundwater table and the distribution of moisture in the soil profile to define
realistic distribution of these variables in the model.
3.4.2.3 Water flow
We considered only gravity driven water flow, which is expressed in the model by
the rule that a cell is only allowed to connect to a neighbouring cell lying at the
same level or below. The model does not account for upward flow such as capillary
rise. However, capillarity is a secondary process the Chicken Creek catchment, due
to the rather coarse texture of the soils, causing only a small vertical extension of
the capillary fringe.
The free water capacity threshold determining the amount of drainable water
of a cell is based on soil texture. This implies that macropore flow or pipe flow is
neglected in the model. We justify this with the consideration that at the initial
state of the catchment evolution the processes accounting for macropores or pipes
(e.g. animal burrowing or plant root decay) are playing a minor role.
Since the focus of the present study lies on subsurface flows, surface runoff
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was not considered in the model, although it is an important runoff component
in the current state of development of the Chicken Creek catchment. For this
study, neglecting surface runoff has implications for the comparison of simulated
and measured outflow, since the latter integrates subsurface and surface runoff.
The quantification of surface flow is the matter of current research. Surface runoff
measured in flumes will help to estimate the fraction of outflow attributed to
surface runoff allowing a refined interpretation of simulated outflow.
3.4.2.4 Soil properties
Sandy soils exhibit large conductivity values for wet and small values for dry soil
conditions, a hydraulic function represented by the free water capacity threshold
separating conductive and non-conductive model cells. This characteristic beha-
viour of sand accounts much for the threshold-like process of drainage pathway
connection and the nonlinear runoff response of the catchment. However, other
soil physical variables than the free water capacity threshold may also lead to the
threshold behaviour of flow path connectivity. Groundwater dynamics, the distri-
bution of soil moisture in the vadose zone or the upcoming vegetation likely affect
flow path connectivity. The extensive monitoring currently realised in the Chicken
Creek catchment will provide a manifold of data, allowing the further investigation
of processes and mechanisms related to flow path connectivity.
We assumed that soil texture properties in the range of the 316 measured
samples are randomly distributed within the catchment. However, in fact the
texture properties of the Chicken Creek catchment do not follow a random distri-
bution. The clay and silt fraction of the soil on the western part of the catchment is
slightly higher, especially for soil depths smaller than 0.3m. This can be explained
by the construction procedure of the man-made catchment. Sand was dumped first
on the eastern and later on the western part of the catchment. The parent material
used for the western part was slightly richer in clay and silt causing the difference
in texture. Subsequent levelling of the catchment led to a mixing of the two parent
materials at the surface, so that the effect of different texture between the eastern
and the western catchment part is less obvious in shallow soil depths. The spatial
trend in soil texture can be integrated in the model by using two different texture
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distributions, one accounting for the finer texture of the western catchment part
and the other accounting for the coarser texture of the eastern part. We believe
that the implementation of two different distributions would further promote the
establishment of subsurface flow paths on the eastern part, as the free water capa-
city threshold decreases with increasing pore size and sand fraction of a soil. This
means that for the same water content in the catchment more cells with drainable
water are present on the eastern side (characterised by a generally coarser texture),
increasing the probability of the formation of a draining cluster.
3.5 Conclusions
The emphasis of Chapter 3 was to quantify the role of hydrologic connectivity
on subsurface flow in the man-made catchment Chicken Creek. Using Percolation
Theory we simulated the drainage flow paths focussing on effects of catchment
geometry (soil depth, slope gradient and clay layer microtopography) and spatial
distribution of soil physical properties. The hydraulic function of the sandy ma-
terial was simplified by introducing a water content threshold separating between
conductive and non-conductive hillslope elements. The catchment geometry and
the water content threshold were related to flow path connectivity and catchment
outflow. The percolation model achieved to realistically represent the subsurface
flow paths, which were indicated by soil moisture measurements and visual obser-
vations in the catchment. It has been shown that the establishment of a subsurface
flow path network to the catchment outflow is a threshold-like process depending
on the spatial distribution of conductive elements. This threshold-like behaviour
of flow paths connectivity accounts for the sudden availability of a large amount
of drainable water, which explains the nonlinear behaviour of runoff observed in
the Chicken Creek catchment.
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4 The emergence of surface ero-
sion rills
4.1 Motivation
Erosion on bare soil caused by concentrated ephemeral surface runoff leads to the
formation of erosion rills with depths in the order of several centimetres (Soil Sci-
ence Society of America, 2008). Many studies have shown the hydraulic and soil
hydraulic characteristics in such surface erosion rills to be considerably different
compared to interrill areas (the reader is referred to the reviews by Knapen et al.
(2007) and Gumiere et al. (2009) for a general description of rill and interrill ero-
sion). Slattery and Bryan (1992) and Brunton and Bryan (2000) investigated a
selection of hydraulic parameters, such as runoff, Reynolds number (ratio of in-
ertial to viscous forces), and shear velocity in laboratory flume experiments and
documented significant changes of the parameters with channel incision and trib-
utary development. Poesen (1984) and Bryan and Poesen (1989) observed higher
infiltration rates in rills than on interrill areas. This was confirmed by recent stud-
ies showing that saturated hydraulic conductivities in rills on two non-vegetated
mining dumps were 5 – 43 times higher than on interrill areas (Biemelt et al.,
2005; Gerwin et al., 2009b). Higher infiltration rates in rills cause a reduction
of downstream channel discharge (Bryan and Poesen, 1989). Where rills incise
down to the capillary fringe of a shallow groundwater table, hydraulic conditions
in the rills are determined by seepage water significantly increasing soil erodibility
(Huang et al., 2001), hence inducing a positive feedback between rill incision and
runoff. Furthermore, the incision of rills alters the local hydraulic gradients and
promotes lateral flow from adjacent areas towards the rills.
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Because of the hydrological importance of surface erosion rills, a reasonable
representation of the rill network is mandatory when modelling water percolation
and runoff at the catchment scale. Thus, a model simulating the hydrology of a
catchment prone to erosion rill formation ideally should consider (i) the location
of rills, (ii) the geometric features of rills such as rill depth, (iii) rill evolution
with time, and (iv) the appropriate scale (catchment scale) to account for the
entire contributing area. However, most erosion models developed in the last
years cannot satisfy all of these requirements. Rill characteristics, such as rill
spacing, rill geometries or the location of rills often have to be specified a priori (e.g.
Parsons et al., 1997; Ascough et al., 1997; Desmet and Govers, 1997), indicating
that these models are static and only applicable to surfaces on which rills are
already present. Conversely, dynamic rill evolution models are limited by their
dependence on initial conditions of microtopography. Although, some models allow
erosion rills to grow in width and depth, the initiation and development, especially
the lengthways extension of rills, is poorly modelled when compared to observed
rill networks (Favis-Mortlock, 1998; Favis-Mortlock et al., 2000). Studies based
on models accounting for the dynamic lengthways growth of drainage networks
often investigate the evolution of virtual catchments. Here, the comparison of the
simulated drainage networks with real networks is done only in terms of statistical
means (Kramer and Marder, 1992; Leheny and Nagel, 1993; Rinaldo et al., 1993;
Simpson and Schlunegger, 2003). There are surprisingly few studies, where erosion
rills have been mapped and compared to simulated rill networks with observed
erosion patterns (Jetten et al., 2003).
A further problem of current erosion models is the lack of accounting for chang-
ing microtopography caused by erosion and deposition processes (Zobeck and On-
stad, 1987; Nearing et al., 1997; Planchon et al., 2000; Planchon and Mouche,
2010) and related alteration of surface flow paths during a rainfall event (Favis-
Mortlock et al., 2000). As a realistic representation of the surface flow network is a
prerequisite for modelling reasonable erosion patterns (Jetten et al., 1999; Takken
et al., 2001) dynamic surface flow paths and the dynamic representation of erosion
and deposition processes should be taken into account. Most research dealing with
soil erosion by water has concentrated on erosion processes operating at the plot
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scale or is based on laboratory studies carried out in small flumes limiting the full
development of the rill network (Slattery and Bryan, 1992; Papanicolaou et al.,
2010). Only relatively few studies have been conducted on rill erosion operating
at larger spatial scales (Poesen et al., 2003; Chaplot et al., 2005).
In this chapter we aim to overcome these shortcomings of existing models.
We developed and tested a model that predicts the spatial location of rills and
simulates the dynamics of rill growth. The model is based on the self-organised
critical network model presented by Rinaldo et al. (1993). Additionally, a second
model was developed in order to compare the results of the self-organised critical
network approach with results from a simple but more physically-based model
approach. The second model was based on the computation of particle transport
as function of flow velocity determined by the Manning equation. In Section 2.4.3,
it was shown that the major part of the rill network formed in the first year of
ecosystem development (October 2005 – September 2006) and afterwards evolved
only marginally. Therefore, the study was confined to the rill network evolution of
this initial period. The models were validated against rill patterns observed from
aerial images and measured rill depths (Section 2.4.3). The observed rill network
will be further referred to as the ‘measured’ rill network. The research questions
addressed in Chapter 4 are:
• Are the models able to predict the location of evolving surface erosion rills
in the Chicken Creek catchment?
• What are the factors controlling the development of surface rills in a new
developing ecosystem?
• Does the rill network extension converge to a steady state?
• How do the surface flow paths change with developing erosion rills?
In Section 4.2 the two model approaches are explained. In Sections 4.3 and 4.4
model results are presented and discussed and the conclusion is presented Sec-
tion 4.5.
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4.2 Model description and methods
The objective of this study is to explore if various characteristics of a measured rill
network can be represented by model approaches. For the evaluation of the model
simulations the length of the rill network detectable in the air-borne images and the
rill depth measurements derived from the laser scanning are available. However, we
must be aware that the ‘true’ structure of the erosion network including complete
depth information and location of small rills too shallow to be revealed by air-
borne imaging is unknown. This uncertainty is a challenge for the comparison
between measured and modelled erosion rill networks. For that reason we made two
different types of analysis: (1) We compared geometric characteristics of modelled
and measured erosion rills like depth, position, length and spatial density of the
rills. Simulated rill depths were compared with the laser scanning measurements.
A rill was selected from a laser scanning transect if it was detectable on the aerial
image and if both of the models also simulated the rill. The resulting 18 points
of rill depth comparison are displayed in Figure 2.2a. The difference between the
DEM 2008 and the DEM 2005 was used to infer the maximum rill depth in the
catchment. We are aware that rill depths obtained from the laser scanning in 2008
and from the DEM 2008 may be larger than at the acquisition date of the aerial
image (September 2006). However, since rilling activity decreased after 2006 and
based on field inspections and photographs from 2006 the rill depths measured in
2008 are considered to be comparable to the rill depths in 2006. (2) In addition, we
investigated if the modelled flow network matches the rill-network deduced from
airborne images. Based on the assumption that deep rills occur where surface flow
is the most erosive, we hypothesise that the imaged rills correspond to large flow
paths and that the measured rill network can be used as a surrogate of the ‘true’
flow field. This assumption seems reasonable, especially for the footslope, where
most of the single segments of the surface flow network are supposed to have
enough energy to produce erosion rills due to the steeper slope and the higher
contributing area. On the backslope the congruence between the rill network and
the ‘true’ flow field is expected to be less pronounced since the erosive power of
surface flow is limited due to flatter slopes and smaller contributing areas.
Two different model approaches were used to simulate the emergence of rill
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networks in the Chicken Creek catchment. They are presented in Section 4.2.1
and 4.2.2, respectively. A short sensitivity analysis of the free parameters of the
models is included in the discussion. The spatial domain of both models is the
DEM of the smooth catchment (no rills) imaged in 2005 divided into 53 519 cells
with a resolution of 1m. The overall shape of the catchment generally assures
that each model cell has a defined surface flow direction and is connected to the
lake or the catchment boundary following a strictly decreasing path. Artefact
depressions resulting from the DEM generation procedure were removed using an
algorithm developed by Planchon and Darboux (2001). The neighbourhood of a
centre cell i is defined by the eight cells surrounding i (Moore neighbourhood).
Four neighbours are located in the orthogonal direction at distance 1m and four
neighbours are situated in the diagonal direction at distance
√
2m.
4.2.1 Self-organised critical network (SOCN) model
The first approach is an adaptation of the self-organising critical network (SOCN)
model proposed by Rinaldo et al. (1993) based on the principle of minimum en-
ergy dissipation in the network (Rodríguez-Iturbe et al., 1992). The resulting cell
elevations and branching patterns are determined by the application of this global
optimisation principle (Rodríguez-Iturbe et al., 1992). The authors used the model
to compare fractal and multifractal network statistics of randomly generated vir-
tual DEMs with optimal channel networks and with characteristics of naturally
evolved large-scale river networks (Rinaldo et al., 1993; Rodríguez-Iturbe et al.,
1994). We applied the model to the surface of the Chicken Creek Catchment in
order to investigate the evolving erosion rill network at the hillslope scale. As
explained in more detail in the next paragraph, the original model was adapted
to handle physically based threshold values required in erosion modelling and to
describe particle deposition.
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4.2.1.1 Representation of the surface flow paths
For the SOCN model the surface flow pattern is represented by the contributing
area. Rodríguez-Iturbe et al. (1992) have shown that the mean annual surface
discharge from a cell i, Qm,i, is proportional to the contributing area Ai, which
is defined as the areal sum of all cells eventually draining through cell i. The
surface flow direction from a cell i was computed in the direction of steepest slope
σi between cell i and its neighbourhood. This method is commonly known as
the deterministic eight-neighbours (D8) algorithm (O’Callaghan and Mark, 1984;
Fairfield and Leymarie, 1991). If there is the same steepest slope between cell i and
more than one neighbour, the surface flow direction is chosen randomly towards
one of these neighbours.
4.2.1.2 Erosion and deposition
Shear stress τ is one of the key quantities guiding the erosion process (Torri et al.,
1987). For flow in dynamic equilibrium shear stress is quantified as product of
fluid density ρf , gravitational acceleration g, slope σ, and flow depth df :
τ = ρfgσdf (4.1)
Erosion occurs if a critical shear stress threshold τce is exceeded. Shear stress is
largely determined by surface runoffQm. Justified by experimental evidence and by
optimality principles surface runoff is assumed to scale with flow depth as df ∝ Q0.5m
(Rodríguez-Iturbe et al., 1992; Rodríguez-Iturbe and Rinaldo, 1997). Therefore,
at a given grid cell i the shear stress τi is proportional to Q0.5m,iσi. Surface runoff in
turn is proportional to the contributing area Ai. Thus, following Rodríguez-Iturbe
and Rinaldo (1997) and setting the coefficient of proportionality ε to 1 kgm−3 s−2,
τi can be estimated as:
τi = εA
0.5
i σi (4.2)
The critical shear stress for erosion τce was determined following (Alberts et al.,
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1995), who defined it for cropland surface soils containing 30% or more sand as
τce = u1 + u2c− u3svf (4.3)
where u1, u2, and u3 are empirically derived parameters (u1 = 2.67 kgm−1 s−2,
u2 = 6.5 kgm
−1 s−2, u3 = 5.8 kgm−1 s−2), and c and svf are the fractions of clay
and very fine sand (0.05mm – 0.1mm), respectively. For svf < 0.40 the authors
recommend to use svf = 0.40 in Equation (4.3). Using the averages of the clay and
fine sand texture measurements from the Chicken Creek catchment, a threshold
value τce of 0.81Nm−2 is assigned to all grid cells. This value is in agreement
with values for sand surfaces reported in other studies (Mitchener and Torfs, 1996;
de Linares and Belleudy, 2007). We also chose 0.81Nm−2 for the critical shear
stress for deposition τcd implying that deposition activities in the catchment only
take place for τ < τcd. Model simulations with τce 6= τcd were also conducted and
are discussed in Section 4.4.4.1. For each cell i the shear stress is calculated based
on Equation (4.3). Between the cells with shear stress exceeding the critical value
for erosion (τ > τce) the cell with maximum exceedance is determined and its
elevation is decreased by the value of the erosion parameter de. Because erosion
rills of maximum depth of about 1m were generated during about 120 days of
rainfall (Section 4.2.2), we set de = 0.01m (effect of other values will be discussed
in Section 4.4.4.1). For all cells where erosion takes place the threshold is increased
by 4% to account for soil erodibility decreasing with increased soil bulk density
in higher soil depth (Bradford and Grossman, 1982; Mouzai and Bouhadef, 2011;
Amos et al., 1992) . After erosion at the cell with maximum exceedance, the
contributing area for all cells is recomputed to account for the modified surface
topography. Downslope of the eroded cell, material is deposited at the nearest
cell with τ < τcd. The amount of deposited material dd was calculated as dd =
(τcd − τ) / (τcd) de. For 0 < τ < τcd material is left for deposition and will be
deposited at the next cell with τ < τcd in downslope direction. As soon as all
eroded material is deposited, the contributing area of all cells is recomputed to
account for topography modified by deposition. Erosion and deposition is repeated
until a steady state with τ < τce is reached for all cells. It should be emphasised
here that time and precipitation are not represented explicitly in the SOCN model.
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Shear stress at a model cell is based on mean flow conditions deviated from the
cell’s contributing area. Thus, a single iteration step during the simulation cannot
be related to time in terms of days, hours or seconds.
The simulation algorithm of the SOCN model is summarised in the flow chart
shown in Figure 4.1.
Figure 4.1: Flow chart of the self-organised critical network (SOCN) model where τce
is the critical shear stress for erosion, τcd is the critical shear stress for deposition, H is
the erodibility factor, de is the erosion parameter, A is the contributing area, and ie and
id are cells where erosion or deposition occur. The loop stops when all cells are exposed
to shear stress below the critical value.
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4.2.1.3 Delineating the surface flow network
Later on we will compare modelled and measured flow and rill networks. To
determine the surface flow network for the SOCN approach we neglected cells
with contributing area smaller than a threshold value Acrit (Gómez et al., 2003).
The threshold value was chosen according to the density δf of the surface flow
network and based on the assumption that on the footslope the measured rill
network corresponds well with the surface flow field. The density δf was defined
as the ratio between the total length of the surface flow paths on the footslope Lf
and the catchment area of the footslope Af . Firstly, we calculated the density of
the measured rill network for the footslope. Thereafter, we computed the modelled
flow path density for increasing values of Acrit until the measured rill density and
the modelled flow path density for the footslope were identical (for Acrit = 35m2).
All cells with contributing area smaller than Acrit were not taken into account for
the flow network.
4.2.2 Manning-based (MB) model
The Manning-based (MB) model accounts for depth and velocity of the ephemeral
surface runoff. For that purpose we have to interpret rainfall data from the Chicken
Creek catchment in terms of height and volume of available water at the surface.
Rainfall dynamics in the temporal resolution of a few minutes or even seconds
would be necessary to exactly describe the dynamics of surface runoff. Unfortu-
nately, such high resolution rainfall data were not available. In the model we use
a constant rainfall intensity, although we know that this reduces the dynamics of
surface runoff in the catchment. However, we argue that mainly rill deepening
is affected by the damping of surface runoff dynamics. The location of the flow
paths, as well as the position, lengthwise extension and spatial density of the main
rill network are less affected. Additionally, using a constant rainfall intensity al-
lows a better comparison with the SOCN model, which is based on mean runoff
derived from the contributing area. The rainfall intensity used in the model was
determined as follows: For the time series October 2005 – September 2006 twelve
intense rainfall events with a total of 324mm of rainfall could be distinguished.
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Rainfall events were separated from each other based on the criterion of minimum
four days without rainfall between the events. As shown in Section 2.4.1 more
than a total of 9mm of rainfall per event is needed to generate runoff. We assign
these 9mm to soil sorptivity and subtract its amount from the cumulated total
rainfall amount of each event. The remaining rainfall (216mm) is equally divided
between all the days of the twelve events with rainfall larger than zero (T = 120
days) resulting in the rainfall intensity of 1.8mm per day.
4.2.2.1 Modelling surface water flow
The flow chart of the MB model (Figure 4.2) gives an overview of the algorithm
described in detail in the next two sections. Precipitation of 1.8mm is added
to each grid cell as rainfall excess. Surface water flow is driven by the elevation
difference between surface water levels of neighbouring cells. For each grid cell with
surface water the flow velocity v was calculated based on the empirical Manning
equation:
v =
χ
m
d
2/3
f σ
1/2
w (4.4)
with hydraulic radius estimated as water depth df (Parsons and Fonstad, 2007),
downslope gradient of water level σw, roughness coefficient m, and dimension con-
version factor χ = 1m1/3 s−1. Water depth df is determined from rainfall input
and from eventual lateral surface input calculated by Equation (4.6). The slope
σw is defined by the difference in surface water level and the distance l between
the centroids of adjacent neighbours, that is 1m in orthogonal and
√
2m in di-
agonal direction. As in the case of the SOCN approach, water is flowing only in
the direction of the maximum gradient. A low value (0.03) was chosen for m to
represent the unvegetated and rather smooth sandy surface (Dingman, 2008). Al-
though widely used in erosion models the application of the Manning equation to
describe rill flow was criticised (Govers et al., 2007). Giménez and Govers (2001)
and Giménez et al. (2004) noticed that flow velocities in rills tend to be indepen-
dent of slope due to a feedback between rill bed morphology and flow conditions.
Thus, for models using a static topography the assumption of a constant hydraulic
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Figure 4.2: Flow chart of the Manning-based (MB) model. T is the number of days
with rainfall. Tmax is 120 and represents the last day at which precipitation (1.8mm) is
added as source term.
roughness m in the Manning equation was considered inappropriate when simu-
lating eroding rills (Govers et al., 2007). However, the use of a constant m in
the MB model was justified by the description of a dynamic surface topography
during a model simulation. Since slopes are gradually adapted according to the
erosive power of the surface flow (Section 4.2.2.2) the feedback between rill bed
morphology and flow conditions is considered.
In the case of ponding the velocity of water flow on the equalising water table
is described with a wave velocity formula (Garrison, 2009):
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v =
√
gdf (4.5)
where g is gravitational acceleration. Within each time step t the water volume V
flowing in downslope direction is:
V = Qsurf t = dfsoctvt (4.6)
with surface runoff Qsurf and the width of the stream between two cells determined
as side length of an octagon soct with the same area as the grid cell (1m2). The
model time step t was determined based on the condition that a water volume
cannot be transported beyond the length l (corresponding to the distance between
cells) and is thus limited by the maximum flow velocity vmax in the system:
t =
l
vmax
for vmax > 0 (4.7)
In the course of time, surface water is redistributed in downslope direction towards
the lake and the volume of surface water in upslope direction is decreasing. Be-
cause according to Equation (4.4) velocity approaches zero for small water depths
df , we stopped water redistribution when the cumulated surface flow of all cells
dropped to less than 5% of the initial value after adding 1.8mm water. When
this criterion was fulfilled the next portion of 1.8mm water was added to each cell.
The simulation stopped after 120 precipitation events, each contributing 1.8mm,
were distributed.
4.2.2.2 Erosion and deposition
By using a constant average rainfall intensity surface runoff peaks will be damped
and runoff is assumed to be comparable to mean runoff. The erosion rate e was cal-
culated as a threshold dependent function based on shear stress τ (Equation (4.1)).
The shear stress τ is a function of slope and flow depth and is related to the di-
mensionless Shields number τ ∗ (Shields, 1936) in the following way
82
4.2 Model description and methods
τ ∗ =
τ
g (ρs − ρf ) dp (4.8)
where ρs is the density of sediment particles (here 2650 kgm−3) and dp is the mean
particle diameter (0.4mm in our case). The Shields number is used to compute
the dimensionless bedload transport (Meyer-Peter and Müller, 1948):
Φ∗ = 8 (τ ∗ − τ ∗ce)3/2 for τ ∗ > τ ∗ce (4.9)
τ ∗ce is the dimensionless critical shear stress for erosion and was empirically de-
rived by Parker (1979) as 0.03. Einstein (1950) related the dimensionless bedload
transport to the volumetric sediment discharge per unit channel width qsed:
qsed = Φ
∗dp
((
ρs
ρf
− 1
)
gdp
)1/2
(4.10)
Volumetric sediment discharge Qsed is then calculated as
Qsed = qsedb (4.11)
with b corresponding to the channel width (length of a grid cell). Finally, the
erosion rate e is computed as
e =
Qsed
a
(4.12)
with a being the area of a model cell.
The eroded material at a time step t is transferred in suspension to the down-
stream cell. The suspended sediment is equally distributed along a vertical profile
in the water column. Deposition was calculated according to Stokes’ formula:
vs =
2r2g (ρs − ρf )
9η
(4.13)
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with sediment velocity vs of grains with particle radius r, sediment density ρs (here
2650 kgm−3) and dynamic fluid viscosity η (0.001 kg s−1 m−1 for water at 20 ◦C).
Because medium and fine sand fractions are the dominant soil texture classes in
the catchment we used r = 0.2mm as a representative value for the particle size.
The sink velocity determines the maximum change of height ds of a particle in
its settling movement during the time step. The amount of deposited sediment in
time step t is the fraction ds/df with df being the height of surface water. For
ds > df all suspended sediment is deposited.
4.2.2.3 Delineating the surface flow network
The procedure to delineate the flow network in the MB model is very similar to the
one used in the SOCN approach. However, instead of using the critical contributing
area, a threshold of total discharge from a cell was used in the MB model to decide
whether a cell belongs to the flow network or not. The total discharge from each
of the model cells was calculated by adding 120 times 1.8mm of rainfall and
successively letting the water flow off according to the model described above.
As in case of the SOCN model, the threshold was iteratively increased until the
measured rill network density and modelled flow network density on for footslope
were identical. This was the case for the discharge threshold of 0.2m3 d−1. All
cells with lower discharge were considered not to be part of the flow network. The
resulting binary image consisting of cells with flow above threshold was skeletonised
according to the algorithm proposed by Vogel et al. (2005) to obtain the backbone
of the predicted flow network, which was then compared to the flow network of
the SOCN model and to the measured rill network.
4.2.2.4 Quantifying the surface flow network
To estimate the quality of the simulated surface flow networks we compared the
simulations with the measured rill network of the Chicken Creek catchment. As
explained at the beginning of Section 4.2, we assumed that the measured rill net-
work is a first order estimate for the unknown ephemeral surface flow pattern of
the Chicken Creek catchment. Two methods to validate the simulated surface flow
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networks were applied. Firstly, we used the Strahler order (Horton, 1945; Strahler,
1957), a numerical measure of the networks branching complexity. We compared
the total length of the flow paths of individual Strahler orders normalised by the
total length of flow paths for all orders. The surface flow path length correspond-
ing to the different Strahler orders was compared with that of the measured rill
network (as first order estimate for the flow network). As a prerequisite of this
comparison, the Strahler orders of the different flow paths must be quantified.
This is straightforward in case of the SOCN model where the flow network equals
the contributing area that is characterised by a treelike structure without loops
because each cell has just a single outlet. However, for the Manning approach and
the measured rill network closed paths (loops) can occur in the network and we
used the following procedure to determine Strahler order: At a bifurcation of a
surface flow path in downslope direction, the main flow path is defined as the most
direct path towards the lake. The less direct path is disconnected and is treated
as individual tributary. The second method to validate the simulated surface flow
networks is based on the relationship between flow path length ratios. For a cell
i belonging to the flow path network the relative flow path length Lp is defined
as Li, the flow path length between the lake and i, divided by the maximum flow
path length. The relative flow network length Ln is defined as the total flow net-
work length of all individual flow paths up to the distance Li divided by the total
flow path network length. The relationship between the relative flow path length
and the relative flow network length was used to compare the simulated flow path
networks with the measured one.
4.2.2.5 Quantifying the rill network
The rill networks simulated with the SOCN and the MB model were compared
with mesurements of total rill network length, rill density of the total catchment,
the backslope and the footslope, and with rill depths. The ‘true’ maximum rill
depth was estimated from the difference between the DEM of 2005 and the DEM of
2008. The simulated rill networks were also compared visually with the measured
network in order to verify the location of the simulated rills.
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Figure 4.3: Comparison of (a) the measured erosion rill network, serving as first order
estimate for the surface flow paths in the catchment and surface flow paths simulated
by (b) the SOCN model and (c) the MB model, respectively. The dark brown arrow
indicates the main rill emerging at the backslope and flowing around weir facility (green
star). The western part of the catchment is not draining via main rill but by an inde-
pendent rill network (orange arrow). These main characteristics are represented by the
two model approaches.
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4.3 Results
4.3.1 Surface flow networks
The measured rill network representing the surface flow paths of the Chicken Creek
catchment and the simulated flow patterns of both models are displayed in Fig-
ure 4.3. The imaged flow network consists of two structures: a main drainage
pathway emerging in the centre of the backslope that is entrained by smaller in-
flows on the footslope and an additional independent flow network in the western
part of the catchment. The models match these main characteristics of the ob-
served flow network.
Figure 4.4a shows the total length of flow paths of Strahler order ω normalised
by the total surface flow network length on the y-axis and Strahler order on the
x-axis. The values show the expected decay of flow path length with increasing
Strahler number. The simulations are in good agreement with the measured rill
network, although both models overestimated the length of flow paths of order
1. The MB model slightly underestimated all the lengths of flow paths of higher
orders whereas for the SOCN model no trend of over- or underestimating flow path
lengths of higher orders was observed. Since very fine rills in the catchment are
not detectable on the aerial image, we expected the number of order 1 flow paths
to be underestimated. Figure 4.4b displays the relationship between the relative
flow path length Lp and the relative flow network length Ln. The figure quantifies
the differences of the flow path networks shown in Figure 4.3. The increase of
Ln with Lp is relatively constant for the two simulations. This is the result of a
quite homogeneous distribution of flow paths in the catchment, which is confirmed
by the visual inspection of Figure 2.5b and 2.5c. The increase of Ln with Lp is
much less uniform for the measured flow paths and deviates from the simulations
especially for 0.2 < Lp < 0.8. The deviation can be explained by the difference
of flow path density between the footslope and the backslope of the measured
network, which is directly affecting the relative network length Ln.
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Figure 4.4: Quantification of simulated surface flow paths (SOCN model and MB model,
respectively) and measured erosion rills (MEAS). (a) Total flow path length of a given
Strahler order ω normalised by total flow path length. The topological relations of the
simulated networks are in good agreement with the measured network. (b) Relationship
between the relative flow path length Lp and the relative flow network length Ln. The
homogeneous distribution of flow paths in the catchment for the two simulations is
represented as uniform increase of Ln with Lp. The deviation of the curve representing
the measurements is explained by the difference of the flow path density between the
footslope and the backslope.
4.3.2 Rill networks
The rill network digitised from the aerial image taken in September 2006 is shown
in Figure 4.5a. The main rills were annotated with a number. The total rill
network length accounted for 4066m, which results in a rill density of 0.09m−1
for the entire catchment. Rill density on the footslope is about three times higher
(0.17m−1) than on the backslope (0.05m−1).
The maximum measured rill depth is located in the erosion rill North from the
weir and is a result of the combination of steep terrain and high flow depths in this
area (Figure 4.5a). The measured rill depths derived from the laser scanning were
between 0.07m and 0.65m (Table 4.1). Generally, two trends for the measured rill
depths were observed. Rills on the footslope are deeper than rills on the backslope
and rills besides the main middle rill are more shallow than the main rill.
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Figure 4.5: Comparison of (a) the measured rill network with (b) the rill network
simulated with the SOCN model, and (c) the rill network simulated with the MB model,
respectively. The numbers indicate the main rills developed in the first year. The main
12 erosion rills are represented by the models. In case of the Manning-based model
approach the rill network is not continuous due to the high impact of deposition of
material. The orange arrows indicate the location of maximum rill depth, which is
measured and simulated near the weir (green star). The circles indicate the positions
of the rill depth measurements obtained by laser scanning (A1 – D1 mark the first
measurement position of transect A – D).
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Position MEAS SOCN MB
A1 0.28 0.42 0.15
A2 0.15 0.31 0.03
A3 0.58 0.65 0.17
A4 0.65 0.31 0.53
B1 0.23 0.30 0.01
B2 0.28 0.37 0.02
B3 0.11 0.03 0.06
B4 0.21 0.16 0.01
B5 0.60 0.52 0.38
B6 0.23 0.23 0.09
B7 0.26 0.03 0.01
C1 0.13 0.27 0.02
C2 0.10 0.21 0.03
C3 0.16 0.17 0.01
C4 0.47 0.43 0.25
C5 0.21 0.23 0.02
D1 0.07 0.05 0.07
D2 0.22 0.10 0.10
Max 0.81 0.77 0.89
Table 4.1: Comparison of measured (laser scanning) and simulated rill depths at the
positions indicated in Figure 10a and 22a (A1 – D4). Values for the main middle rill
are given in bold. Maximum rill depth (Max) was derived from the difference between
the DEMs of 2008 and 2005. Simulated rill depths are in the right order of magnitude,
especially for the SOCN model. The MB model generally underestimated the rill depth.
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Visual comparison between the simulation of the SOCN model and the meas-
urements of the individual rills showed that the main rills were captured well by
the model (Figure 4.5a and 4.5b). Generally, the length extension of the rills is
simulated realistically, although for some of the rills (#3 and #7) the simulated
rill was too short. Simulated total rill length for the SOCN approach is 3365m
(83% of the measured total network length). The modelled rill density for the
entire catchment is 0.07m−1 (78% of measurements), whereas the backslope ac-
counts for 0.04m−1 (80% of measurements) and the footslope for 0.11m−1 (65% of
measurements), respectively. Average rill depth and maximum simulated rill depth
are 0.18m and 0.77m (measured value 0.81m), respectively. The SOCN model
predicted the deepest rill segment in the western part of the weir (Figure 4.5b).
Comparing the rill depth simulated by the SOCN model with the measured rill
depths (Table 4.1) it became clear that the model was able to reproduce the cor-
rect magnitude of the rill depths. For the 18 selected points the model simulated
rill depths between 0.05 and 0.65m. Also the general characteristics of decreasing
rill depth with increasing distance from the lake and large depths for the main rill
and smaller depths for rills beside were well represented.
Comparing the results of the Manning approach with the measurements (Fig-
ure 4.5a and 4.5c), it could be seen that the locations of the main rills were
simulated reasonably well. However, two main differences between measured and
simulated rill network exist: First, the simulated rill network is not continuous,
meaning that not every rill cell is connected with the lake. This is also apparent
in the reduced total rill network length of only 2459m (60% of measured length).
The reason for this is the strong erosion-deposition interplay for this modelling
approach. It became especially evident in the lake-near part of the catchment,
where simulated rills only formed scarcely, because deposition preponderated over
erosion in this area. Because of the non-continuous network the allocation of an
individual rill number was not always trivial (e.g. #3, #4 and #5). However, for
most of the simulated rills the corresponding measured individual could be found.
Second, the simulated rill density of the backslope was equal to the measured
rill density (0.05m−1). This was in contrast to the visual impression of a higher
backslope rill density for the simulation. However, the impression only occurred
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because the simulated rill cells did not form to a continuous structure and were
distributed loosely on the backslope area. The low rill density on the footslope
(0.06m−1) could also be explained by the non-continuous rill network leading to
a shorter total rill length. As the location of the measured maximum rill depth,
the MB model simulated the location of the deepest incision in the North of the
weir (Figure 4.5c). Although the simulated maximum rill depth of 0.89m was
well in accordance with the measured value (0.81m), the average rill depth for the
Manning approach (0.07m) was much smaller than for the SOCN approach. This
was also visible from three-dimensional plots of the simulated rills (Figure 4.6)
and from the comparison of rill depths between laser scanning measurements and
simulation (Table 4.1). Although the range of simulated rill depth was reasonable
(0.01m – 0.53m) rills were generally simulated too shallow. However, the trend
of shallower rills besides the main middle rill was reproduced and the rill depths
for the main rill are in the right order of magnitude. The characteristic decrease
of rill depths with increasing distance from the lake is less obvious than for the
SOCN model and for the measurements.
(a) DEM 08 (b) SOCN (c) MB
Figure 4.6: Three-dimensional plots (vertical scale-up 5× of the rill network (a) derived
from the DEM 2008, (b) simulated with the SOCN model and (c) simulated with the
MB model. The visual comparison reveals that the average rill depth simulated with the
SOCN model is in good agreement with the average rill depth observed in the catchment.
The average rill depth simulated with the MB model apparently is underestimated and
is, apart from the major middle rill, difficult to identify at this scale. The inset in (c)
displays a detail view of the MB simulation (vertical scale-up 10×) in which also smaller
rills are shown (indicated by arrows).
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4.3.3 Simulated rill network evolution
Figure 4.7 shows different snapshots in the evolution of the rill network for both
models. In the MB model an evolution step corresponds to the addition and run-
off of 1.8mm of precipitation, whereas in the SOCN model a step represents an
iteration in which the elevation for the cell with maximum critical shear stress ex-
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Figure 4.7: Simulated network evolution starting from an unrilled state, where I is the
iteration step, P is precipitation, dr,max is maximum rill depth and ∅dr is average rill
depth. (a) Results of the SOCN model. The network in the SOCN model evolves until
reaching a steady state, i.e. until τ < τce for all model sites (at I = 70 127). (b) Results
of the MB model. For the MB model the final state is reached after the application of
120 times 1.8mm rainfall (at
∑
P = 216mm). Note the difference and the nonlinearity
of the rill depth scales.
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ceedance was decreased. For the SOCN model the maximum rill depth developed
rather quickly when the network was only short resulting in a high average rill
depth. Network length increased and average depth decreased with proceeding
iterations until a steady state (τ < τce for all cells) was reached. The increas-
ing erosive power in deepening rills (due to steeper slopes and larger contributing
areas) was gradually reduced according to the model rule accounting for the con-
solidation of soil with depth.
The network evolution for the MB model was quite different. The extent of
the network established relatively quickly after adding about 20 times the rainfall
amount of 1.8mm. However, maximum rill depth gradually increased with increas-
ing rainfall amount, and so did average rill depth, until the end of the simulation
when the total of 216mm of rainfall had been added.
4.3.4 Change of surface flow patterns
The change of surface flow patterns due to erosion rill development was assessed
by comparing the contributing areas of the original surface (DEM of 2005) with
the contributing areas of the simulated evolved DEMs, i.e. after reaching a steady
state for the SOCN simulation and after adding 120 times 1.8mm of rainfall for
the MB simulation, respectively.
The same threshold of contributing area (Acrit = 35m2; Section 4.2.1.3) was
applied to delineate the flow networks of the original surface and the evolved
surface. The change of surface flow paths due to the development of erosion rills is
visualised in Figure 4.8. The main change in the surface flow network of the SOCN
simulation is a reduction of the number of flow paths. The erosion of a model cell,
that is the source of a rill, likely attracts the drainage direction of neighbouring
cells, due to the new topographic gradient. This increases the contributing area of
the rill cell. Conversely, due to the redirection of drainage paths the contributing
areas of some cells next to the rills may drop below the threshold to delineate
flow paths (Acrit). For a few cells the evolving rill structures lead to the diversion
of surface flow paths. The changes between the initial contributing area and the
contributing area of the evolved surface simulated by the MB model are much
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more pronounced. Although the reduction of surface flow paths is observed, the
diversion of the flow paths is dominant. Whereas for the SOCN model the majority
of the eroded material was deposited in the lake at the end of the simulation, more
material was sedimented on the slope of the catchment for the MB model and
caused flow paths to change or be interrupted. This becomes especially evident
in areas of high deposition as the area between the lake and the lower footslope,
where many initial flow paths disappeared and new ones evolved.
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Figure 4.8: Comparison of the contributing area (representative for the surface flow
paths) of the initial, unrilled surface topography and the evolved surface topography
after (a) the SOCN model run and (b) the MB model run. Blue lines denote flow paths,
which did not experience change due to the simulated erosion and deposition processes.
The dark brown lines represent flow paths occurring on the initial topography, but not
on the evolved surface anymore. The orange lines are flow paths, which were not present
on the initial surface, but evolved due to the erosion and deposition induced change of
topography.
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4.4 Discussion
We used two different model approaches to simulate rill initiation and further
growth of the rill network of the man-made catchment Chicken Creek. The catch-
ment characteristics at the starting point of the project in 2005, a slightly sloping,
unvegetated sand soil with a flattened, rill-free soil surface, provided excellent
conditions to test erosion rill models at a larger scale than the usually studied
flume or plot scale. The first model was based on the principle of minimal energy
expenditure in the entire surface flow network (Rodríguez-Iturbe and Rinaldo,
1997), whereas the second model was based on well-established physical and em-
pirical equations for surface water runoff and sediment entrainment. Both models
display dynamic erosion phenomena, which finally trigger the geomorphology of
the rill network.
4.4.1 Surface flow networks
Both methods for delineating the surface flow network, the contributing area on the
one hand and the method based on the Manning equation on the other, were able
to reproduce the main features of the measured rill network on the catchment’s
footslope and on the backslope for high flow convergence areas around the major
middle rill. Comparing the initial contributing area presented in Figure 4.8 (dark
brown and blue lines together) with the measured rill network it is obvious that the
contributing area is a good indicator for predicting rill locations in steeper parts of
the catchment (on the footslope) and in areas with high flow convergence (along
the major rill on the backslope). However, using the contributing area (above a
certain threshold) derived from a DEM as proxy for the rill network has several
disadvantages when applied to the Chicken Creek catchment. (1) It overestimates
the rill density found in flatter parts of the slope with low flow convergence. (2) It
is not able to provide information on rill depths, and (3) the method does not
account for the dynamics of an altering surface flow pattern due to the elevation
change induced by erosion. To overcome these limitations the representation of
flow paths has to be combined with erosion and deposition processes.
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4.4.2 Erosion rills
Both models account for the dynamic change of topography induced by water
erosion and sediment deposition as the topography is successively updated at the
end of each iteration step and flow paths at the following iteration step are newly
calculated based on the updated topography. Rill erosion in the SOCN model is
a function of contributing area and local slope. Thus, for the rather flat areas on
the backslope with low contributing areas only few rills are simulated and the rill
density and rill depths on the backslope as well as on the footslope are properly
reproduced. However, for the MBmodel the simulated rill network was very similar
to the flow network, thus the rill density of the backslope was clearly overestimated.
Additionally, the simulated rills were generally too shallow. A possible reason
for these problems could stem from the way precipitation was represented in the
MB model. For each precipitation step the same amount of rainfall was added
(1.8mm). Higher amounts of rainfall would cause higher flow depths, especially
in flow convergence areas, resulting in increased erosion. Although precipitation
data on a high temporal resolution (hours) are available for the Chicken Creek
catchment there is limited information on the distribution of infiltrating water and
surface runoff at a high temporal scale and how these are related to the rainfall
threshold to produce runoff observed in the Chicken Creek. Further research is
needed to clarify infiltration-runoff relationships for temporally high resolution
rainfall data in order to estimate the real amount of water available for erosion
relevant surface runoff. Nevertheless, the MB model was able to locate the evolving
rills in the catchment and to distinguish zones of high and low erosion activity
based on only very few general catchment characteristics (topography and average
texture). The simulated evolving rill network changed surface flow patterns in
many areas of the catchment, but only at a rather small spatial scale. Thus, the
basic surface flow pattern did not alter fundamentally with erosion and deposition
processes. Therefore, the initial topography of the Chicken Creek catchment was
considered as the main control on determining the location of the erosion rills.
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4.4.3 Rill network evolution and stability
The development steps of the SOCN model shown in Figure 4.7 reveal the transi-
tion of the initial system from non-equilibrium to steady state, where no further
erosion takes place. The evolution of rills in the SOCN model does not necessarily
progress strictly by headward growth, but is rather driven by local slope instabil-
ities (Rodríguez-Iturbe and Rinaldo, 1997). However, the catchments topography
with a steeper footslope where contributing areas are high (unstable slopes) favours
the initiation of the rills in the area near the lake from where they propagate head-
wards. The good agreement between measured rills and those simulated with the
SOCN model indicates that, until September 2006, the rill network of the Chicken
Creek catchment formed according to the underlying process of the SOCN model,
i.e. the minimisation of energy in the entire network. It is, however, not clear to
what extent the steady state of the rill network reached in 2010 is controlled by
energy minimisation. It is likely that the upcoming pioneer vegetation in spring
2007 and the increase of vegetation patterns thereafter played a major role for the
decrease of rill formation. The increase and distribution of vegetation patterns
in the Chicken Creek catchment is currently assessed and will allow for a more
detailed investigation of the relationship between upcoming vegetation and rill
formation.
For the MB model rill initiation started in zones of high flow convergence and
developed along the main runoff paths of the surface flow network. The final
state of the rill network is a product of the amount of precipitation added to the
catchment. Network evolution will continue with proceeding time, i.e. additional
precipitation. However, the series of evolution steps presented in Figure 4.7 indi-
cates that further rill development is likely to occur especially as rill deepening and
less as elongation of the rill network. Because of the increasingly important role
of vegetation after the appearance of pioneer species in spring 2007, further rill
deepening beyond the year 2006 cannot be understood without taking the vegeta-
tion and its effect on soil erosion (stabilisation of soil surface, change of infiltration
capacities, retention of sediment) into account. However, regarding the spatial rill
network extension the state in September 2006 can be considered as steady state.
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4.4.4 Sensitivity of free parameters
4.4.4.1 Parameters in the SOCN model
An advantage of both models is the low number of parameters. Using the SOCN
model three free parameters had to be defined: de describes the elevation reduction
caused by erosion per iteration step for the model cell with maximum shear stress.
In the original model of (Rinaldo et al., 1993) de was chosen dynamically at each
iteration step so that the elevation of the cell was eroded to a value which yielded
τ = τce. Although producing reasonable rill patterns this method was not suitable
for simulating the rill network in the Chicken Creek catchment, as rills can easily
get as deep as several metres. In order to reduce the simulated rill depth, we
defined de as a static parameter with the value of 0.01m. The rill network length
and especially the average rill depth are sensitive to changes in de. Decreasing
de to 0.002m reduced total rill network length by 28% and average rill depth by
78%. On the other hand, assuming a de of 0.02m increased the total rill network
length by 40% and the average rill depth by 67%.
The second free parameter is the critical value for deposition τcd. It has been
argued by Partheniades (1977) and Mimura (1993) that erosion and deposition
do not occur simultaneously. This means that the critical value for erosion τce is
equal to the critical value for deposition τcd. Thus, if the shear stress τ is higher
than the critical value erosion takes place and for subcritical τ deposition occurs.
This simple, binary approach of erosion and sedimentation has often been used
(e.g. Mercier and Delhez, 2007) because of its straightforward implementation in
models. However, other studies suggest erosion and deposition processes at the
same time (Rose et al., 1983; Huang et al., 1999; Hairsine et al., 2002) indicating
that the critical value for deposition is larger than the critical value for erosion
(τcd > τce). For shear stresses between τce and τcd erosion, as well as deposition
occur. We tested several values of τcd up to two times the τce value to assess the
condition of coexisting erosion and deposition processes and found low variance
in simulated average rill depth and total network length (< 10%). Significant
changes occur only for τcd > 2τce. Thus, we consider it justified to use τce = τcd =
0.81Nm−2 for the Chicken Creek catchment.
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The last free parameter in the SOCN model is the erodibility factor H, which
accounts for a decrease of soil erodibility with progressing erosion at a cell. As-
suming an increasing density with soil depth due to compaction of the dumped
sand body we chose a value of H = 4%. Total network length, as well as average
rill depth, is sensitive to changes of H. Choosing H = 3% increases total network
length by 10% and average rill depth by 22%, whereas the selection of H = 5%
decreases total network length by 6% and average rill density by 17%.
In summary, the SOCN model uses three free parameters only two of which are
sensitive to changes (the elevation reduced by erosion and the erodibility factor).
The range of reasonable values for these two parameters is rather narrow. Further
research on the magnitude of eroded material per rainfall event and of the change
of critical shear stress with soil depth is needed to determine the two sensitive free
parameters.
4.4.4.2 Parameters in the Manning-based model
All free parameters of the MB model were derived from data or from empirical
studies and therefore the possibility for varying parameters is limited. However,
the particle diameter dp should be further discussed as it is considered the most
uncertain parameter and directly affects the erosion rate. We used a single grain
size (0.4mm diameter) representative for the texture class ‘middle sized sand’,
which is the most abundant class occurring in the texture samples of the catch-
ment. Decreasing dp to the lower particle size boundary for sand (0.063mm) has
three effects: more sediment is eroded for a certain shear stress, sediment entrain-
ment starts for lower shear stresses, and sediment is deposited at a reduced rate.
Increasing dp to the upper particle size boundary for sand (2mm) has the opposite
effects. The reduction of dp to 0.063mm increased the network length by 69%.
The average rill depth increased slightly by 14%, mainly because of enhanced
rill depths at the centre line of the catchment, where surface runoff concentrates
(maximum simulated rill depth: 1.48m). Choosing dp equal to the upper particle
diameter of 2mm for sand reduced the rill network length by 74% and increased
the average rill depth by 71%. The high simulated average rill depth is the result
of the short, but relatively deep rill network with a maximum simulated rill depth
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of 0.72m. A thorough investigation of the model behaviour for polydisperse sands
is left to future research.
4.5 Conclusions
Both of the presented models were successful in simulating the initiation and fur-
ther evolution of the main erosion rills emerging in the initial development phase
of the Chicken Creek catchment. In steeper parts of the catchment and in zones of
flow convergence the simulation of flow paths across the initial topography seems to
be a reasonable indicator to predict the location of erosion rills. However, neither
the dynamic change of topography and thus flow paths, nor the information on rill
depth are represented in the simulation of flow paths. Therefore, the consideration
of erosion and deposition and the successive adaptation of the surface topography
due to these processes additionally had to be taken into account in the models.
Regarding the questions asked in the introduction, this work demonstrated that
the location of the main surface erosion rills could be predicted by both of the model
approaches. The measured main rills in the catchment developed during the first
year and the lengthways rill evolution was much less pronounced thereafter and a
steady state was reached in 2010. Both of the models succeeded in reproducing the
observed convergence of the rill network length to a steady state. The simulations
further showed that erosion and deposition processes forced the surface flow paths
to change gradually during rill evolution. However, these changes affected the flow
paths only locally. The initial topography of the catchment governed the general
direction of water flow during the entire rill development and thus was the key
factor in determining the location of the rills.
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catchment-scale water flow
5.1 Motivation
Hydrological catchments are highly dynamic and complex systems encompassing
a considerable degree of landscape heterogeneity and a variety of interacting and
often nonlinear hydrological processes operating at many different spatial and tem-
poral scales. Although many of the governing hydrological processes have been
described and investigated in detail, the success of modelling flow and transport
at the catchment scale is still limited. One of the reasons for limited predicta-
bility is the foundation of the present hydrological models on small-scale physics
and theories (Kirchner, 2006). While the mathematical formulations of the de-
scribed processes often are sophisticated and work fine at the small scale, they
usually fail when applied to larger scales. A prominent example is the Richards
equation describing water flow in unsaturated soil (Richards, 1931). Applied to
soils dominated by matrix flow it is often consistent with point-scale measure-
ments using tensiometers or TDR probes (McDonnell et al., 2007). However, at
larger scales other flow regimes, such as preferential flow (Weiler and Naef, 2003),
or nonlinear processes, such as the threshold behaviour between rainfall and run-
off (Section 2.4.1) may become dominant and cannot be captured by the global
application of equations valid only for a small scale.
Another problem of many hydrological models is the insufficient representa-
tion of spatial heterogeneity. We have seen that small-scale heterogeneities in the
geometry of the Chicken Creek catchment and spatial distribution of soil phys-
ical properties determine the pattern of subsurface flow path connectivity at the
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catchment scale (Chapter 3). Similarly, the initial micro-topography of the surface
dictated the macro-scale pattern of the surface erosion rill network (Chapter 4).
Both, the subsurface flow and the surface erosion rill patterns can be regarded
as emergent properties of the catchment, i.e. macro-scale properties, which are
entirely unpredictable from the observation of the governing small-scale processes
alone. These macro-scale patterns have to be considered in simulations, because
they can have a significant impact on the hydrological behaviour of the catch-
ment. For example, for slopes with rill development driven mainly by surface
runoff, subsurface flow paths will be affected by the emergence of the rills, due to
the increased saturated hydraulic conductivity in the rills (Biemelt et al., 2005;
Gerwin et al., 2009b) and the abundant water supply caused by the convergence of
surface runoff. At present, there are only very scarce information on how erosion
rills affect the subsurface flow paths at the catchment scale.
While many hydrological models are able to reproduce the rapid and flashy
stream flow response to rainfall input characteristic for small catchments, tracer
studies raised the question if the simulation results of runoff are achieved for the
right reasons (Kirchner, 2006), that is for the realistic description of flow processes
and storage in the model. Analyses of passive tracer signals (e.g. isotopes, chloride)
in rainfall and stream runoff revealed that stream peak flows consist mostly of pre-
storm water released from the catchment (Buttle, 1994; Richey et al., 1998; Kendall
and McDonnell, 1998; Kirchner et al., 2000) rather than of rainfall flowing quickly
along the catchment into the stream. This finding is at odds with the processes
describing the rapid rainfall-runoff response (e.g. saturation excess flow, pipe flow)
commonly incorporated in models. Although the consideration of water transit
times in models can provide important constraints on hypothesised mechanisms
for stormflow generation (Kirchner, 2006; McGuire et al., 2007), the estimations
of travel time distributions are usually based on the assumptions of steady-state
flow and time invariance of flow paths (McDonnell et al., 2010) and are rarely
reflecting natural conditions. To improve our process understanding of flow paths
and the rainfall-runoff response, models allowing for the simulation of catchment
runoff and of the correct and dynamic transit time distributions are required, since
they are more likely to represent a valid conceptual and mathematical description
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of the runoff processes (McDonnell et al., 2010).
A new three-dimensional model is conceptualised in this chapter in order to
tackle the drawbacks of current hydrological models described above. The idea
was to combine concepts of the model based on Percolation Theory (PT model,
Section 3.2) with common physical concepts describing water flow. The application
of physical equations valid at the small scale (e.g. Darcy-based flow) is justified by
using a high resolution model grid. Additionally, the high resolution accounts for
a reasonable degree of heterogeneity of soil physical parameters, and thus allows
for the eventual emergence of macro-scale patterns. The aim of this chapter is
to present a model framework, which is capable to reproduce runoff processes,
transit times, and the emergence and effect of hydrologically relevant structures at
the macro-scale. The focus of this study is not on simulating runoff components as
precise as possible compared to measurements, but rather on testing the feasibility
of the new model concept. Furthermore, it should be emphasised that this model
so far covers the most important physical processes and further work is needed to
implement a more complete process description. Nevertheless, to demonstrate the
practicability of the model, first simulation results of flow paths and travel time
after a intense rainfall event are presented. Following questions are addressed:
• How do hydrological surface and subsurface flow paths connect in space and
time?
• What are characteristic flow distances, times and velocities of surface water
and how do they change in the presence of surface erosion rills?
• What effect do the erosion rills have on total surface water outflow?
In Section 5.2 the new hydrological model is conceptualised and the model setup
for a single rainfall event is described in Section 5.3. The first results of the model
test are presented in Section 5.4 and discussed in Section 5.5. Concluding remarks
are summarised in Section 5.6.
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5.2 Model description
In contrast to the static PT model (Section 3.2) the new model accounts for the
spatiotemporal dynamics of infiltration, surface and subsurface water flows, and
thus for the variability of soil water content in the catchment. Following basic
concepts of the PT model were integrated into the new model: First, a free water
capacity threshold (Section 3.2.4) was introduced to distinguish between slow and
fast subsurface flow. Fast flow occurring at water contents above the free water ca-
pacity threshold was assumed to be equal to the saturated hydraulic conductivity
(in contrast to flow at water contents below that threshold for which the hydraulic
conductivity decreases with water content). Second, subsurface flow path con-
nectivity is defined as cluster of model cells with water exchange. Thus, a model
cell with soil water outflow and the neighbouring cell receiving the outflow both
belong to the same flow path (cluster). Third, a small spatial resolution was con-
sidered to represent heterogeneities, and thus to allow for the eventual emergence
of macro-scale structures. The model architecture and the processes considered in
the model are described in detail below.
5.2.1 Model grid
As in the case of the two rill evolution models (SOCN and MBmodel, Sections 4.2.1
and 4.2.2, respectively) the surface flow paths were described on a two-dimensional
Cartesian lattice containing the elevation information of the DEM. Each lattice cell
is connected via the Moore neighbourhood defined by the four neighbours located
in orthogonal direction and the four neighbours situated in diagonal direction.
The spatial domain of the soil was constrained by the DEM of the surface (upper
boundary) and the DEM of the clay layer (lower boundary). As in the case of
the PT model the soil body was discretised into a three-dimensional face-centred
cubic (fcc) lattice (Figure 5.1). The small resolution of 0.5m was used for both,
the two-dimensional surface lattice and the three-dimensional soil lattice. The fcc
lattice comprises a total of 431 374 cells, each having the volume Vi of a rhombic
dodecahedron of 250 litres.
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Figure 5.1: Schematic description of the hydrological model for a sub-system including a
rill and six selected fcc soil cells (yellow dodecahedrons). For the sake of clarity a reduced
number of water elements (blue spheres) is shown corresponding to the water content of
5% in the lowest fcc cell and 8% in the other fcc cells. The arrows describe modelled
water transport processes: surface runoff along the steepest slope gradient (light and
dark grey arrows), infiltration, (red arrow) and soil water flow (orange arrow) along the
maximum hydraulic gradient.
5.2.2 Water flow as transport of water elements
Water in the model is transported in discrete volume units called ‘water elements’.
The advantage of moving discrete water elements is that the flow path of each
individual element can directly be tracked from the location of its formation to the
final position at the end of the simulation. Additionally, for every water element
the time period needed to cover the distance of its flow path can be analysed. Thus,
the transit times of all water occurring in the system can be computed. A water
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element in the model has the volume of 0.1 litres. Depending on the soil properties
the water content of a model cell at saturation corresponds to approximately 950
water elements. Rainfall hitting the soil is stored until the surface water volume
allows the building of a water element. Thereafter, the water element either is
infiltrated, transported as surface runoff, or not moved at all (Figure 5.1) according
to the rules described in the following sections. Evaporation from the catchment
surface is assumed to be negligible during rainfall events and thus is not considered
in the presented version of the model.
5.2.3 Potential water transport capability: From continu-
ous to discrete water flow
The soil-physical equations for infiltration, surface runoff and subsurface water
flow (Sections 5.2.4, 5.2.5 and 5.2.6) are based on non-discrete fluxes and volumes
of water and must be adapted for our model with discrete water elements. For
that purpose a corresponding ‘potential water transport capability’ for each flow
processes was introduced as explained here for infiltration. Consider at time step t
a water element on a horizontal soil surface and an infiltration capacity (defined by
Philip’s theory of infiltration) of half of a volume unit per time step. The problem
in such a case is that the infiltration capacity would be overestimated if the water
element is allowed to infiltrate and would be underestimated if the water element
is not allowed to do so. To solve this problem the ‘potential infiltration capability’
was introduced and defined based on the infiltration capacity at time step t and
the infiltration history as follows: The algorithm decides randomly whether the
water element is infiltrating or not. The potential infiltration capacity stores the
value of overestimation (infiltration surplus, positive capability) or underestima-
tion (infiltration deficit, negative capability) of the infiltration capacity. At the
next time step t + 1 the updated infiltration capacity, defined as the sum of the
infiltration capacity at t+ 1 (determined by Philip’s theory) and the potential in-
filtration capability determined at t, decides whether a water element can infiltrate
or not.
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5.2.4 Infiltration
The representation of rainfall water at the soil surface is a key property for mod-
elling the hydrology of ecosystems prone to extensive surface runoff and erosion
and must be modelled as adequate as possible. We used Philip’s model (based on
Richards equation) with time compression approximation to describe infiltration
(see below). Infiltration depends on the initial soil water content θ0, the rainfall
intensity P , and the hydraulic conductivity K at the soil surface. The infiltration
rate in the model is calculated based on the infiltration theory of Philip (1957) and
the estimation of sorptivity (capacity to adsorb water based on capillarity) accord-
ing to Parlange (1975). Philip’s equation describes the decrease of the infiltration
rate ϕ with time as
ϕ(t) =
1
2
St−1/2 + ϕfin (5.1)
where t is time, ϕfin is the final infiltration rate estimated as ϕfin = Ks/2 and S
is sorptivity. Following Parlange (1975) sorptivity is expressed as function of soil
water diffusivity D(θ):
S2 = 2 (θs − θ0)
∫ θs
θ0
D (θ) dθ (5.2)
D (θ) = K (θ)
dh
dθ
(5.3)
where θ is water content, θs is water content at saturation, θ0 is initial water con-
tent, K is hydraulic conductivity, and h is suction pressure head. At the beginning
of a rainfall event the potential infiltration rate determined by Equation (5.1) will
exceed the precipitation rate until the time point tp is reached, where the potential
infiltration rate and the rainfall rate are equal. Thereafter, the precipitation rate
exceeds the infiltration rate and ponding of surface water starts. Thus infiltration
rate equals
109
5 A new model concept to describe catchment-scale water flow
ϕ(t) =

P for 0 ≤ t ≤ tp1
2
St−1/2 + ϕfin for t > tp
(5.4)
According to Philip’s infiltration theory, the time to ponding tp can be derived by
setting Equation (5.1) equal to P and solving for time:
tp =
S2
4 (P − ϕfin)2
(5.5)
However, for conditions of constant flux P (and as opposed to Philip’s constant
head assumption), a flux-based time correction, known as time compression ap-
proximation (TCA), must be considered (Rigby, 2009). The corrected time to
ponding tc can be determined by using cumulative infiltration as surrogate for
time (Liu et al., 1998). Assuming that the infiltration calculated with the Philip
equation and cumulated up to the time tp is equal to the cumulative infiltration
under the constant flux up to the time tc the time to ponding is defined by:
∫ tp
0
ϕ(t)dt = Ptc (5.6)
where ϕ(t) is defined in Equation (5.1). After solving for tc and inserting Equa-
tion (5.5) for tp the corrected time to ponding is given as
tc =


S2(2P−ϕfin)
4P(P−ϕfin)
2 for P > ϕfin
∞ for P ≤ ϕfin
(5.7)
According to the corrected time of ponding the infiltration rate given in Equa-
tion (5.1) is modified to:
ϕ(t) =

P for 0 ≤ t ≤ tc1
2
S (t− (tc − tp))−1/2 + ϕfin for t > tc
(5.8)
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5.2.5 Surface flow
Water that cannot infiltrate due to a limiting infiltration capacity is transported
at the surface to the neighbour cell in the direction of the steepest gradient based
on the Manning equation (Equation (4.4)) and according to Equation (4.6).
5.2.6 Subsurface flow
Each model grid cell is defined to be in one of two possible states: ‘wet’ with sat-
urated hydraulic conductivity and ‘dry’ with unsaturated hydraulic conductivity
according to the water content of a grid cell. As in the PT model, the free water ca-
pacity threshold θt (Equation (3.3)) is used to distinguish between the two states.
Subsurface runoff was then based on Darcy flow (Scheffer and Schachtschabel,
2002):
Qsoil = K (θ)
(−dhw
d∆z
+ 1
)
for ‘dry’ conditions (θ ≤ θt) (5.9)
Qsoil = Ks
(−dhw
d∆z
+ 1
)
= Ks for ‘wet’ conditions (θ > θt) (5.10)
where Qsoil is subsurface runoff, K(θ) is unsaturated hydraulic conductivity, Ks is
saturated hydraulic conductivity, hw is hydraulic head, and ∆z is depth.
5.2.7 Model time step
Since surface flow generally occurs with higher velocities than subsurface flow, two
separate dynamic time steps are calculated by the model: one for surface flow tsurf
and the other for subsurface flow tsoil. The surface flow time step, limited by the
maximum surface flow velocity vmax, is calculated according to Equation (4.7).
The time step for subsurface flow is calculated accordingly except that vmax is
replaced by the maximum saturated hydraulic conductivity of the soil. To assure
steady, temporally smooth simulation results of the flows a maximum time step
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tcrit was defined and surface or subsurface time steps larger than tcrit were set equal
to tcrit. We chose tcrit = 60 s as this was a reasonable trade-off between simulation
result smoothness and computer processing time.
5.3 Model setup
5.3.1 Random distribution of soil characteristics
For each of the 316 texture sample sites described in Section 2.3.1 the set of van
Genuchten parameters (n, α, θr, θs) was determined by a pedotransfer function
(Section 2.3.2). We assume that the soil hydraulic properties are randomly distrib-
uted in space. In the model, we assigned a random number between 0.0 and 1.0 to
all of the lattice cells. This random number was then translated to a n-value ac-
cording to the sum distribution of the 316 n-parameters (analogue to Figure 3.4b).
If the value of the random number lays between two n-values on the sum curve,
the n-value closer to the random number was selected. The selected parameter
n was then assigned, together with its corresponding remaining van Genuchten
parameters (α, θr, θs), to the model grid cell.
5.3.2 Initial soil water content
The initial soil water content was defined upon the assumption of an increasing
moisture gradient with soil depth. The soil water content of the lowest model cell
in a soil column was set to field capacity, defined as the water content at a suction
of −0.65m (Scheffer and Schachtschabel, 2002). The water contents for the cells in
the soil column lying above the lowest cell were determined by a linearly decreasing
suction gradient of 0.1m per cell. The average soil water content in the system
determined by this method was 19% corresponding to about 180 water elements
in a model cell.
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5.3.3 Rainfall input and catchment outlet
The hydrologic response to a single rainfall event occurring in the early phase
of ecosystem development (May/June 2006) with a total of 35.6mm rainfall was
modelled. To simplify computations we used a constant rainfall rate of 2.1mmh−1
defined as half of the events maximum measured precipitation intensity. The dura-
tion of the event in the simulation, defined by this constant precipitation intensity
and the measured total rainfall amount of the event, was 61 029 s (Figure 5.2).
The total duration of the simulation was set to 100 000 s to allow water elements
remaining at the surface after the rainfall event to infiltrate or run off along the
surface. The total water amount of the rainfall event corresponds to 15 684 240
water elements. The outlet of surface and subsurface water is the boundary of the
lake basin defined as the area with a surface elevation lower than 126.5m above
sea level. The outlet boundary is characterised by the constant negative pressure
potential of -150m.
5.3.4 Adaptation of the surface saturated hydraulic con-
ductivity
Limited infiltration capacities caused intense surface erosion in the very beginning
of the ecosystem development (October 2005 – September 2006). The influence of
exfiltrating groundwater as erosion agent was excluded, since groundwater levels
in the catchment never rose higher than about one metre below soil surface in this
period (Mazur et al., 2011).
Relating the twelve precipitation events occurring between October 2005 and
September 2006 (Section 4.2.2) to the infiltration rates calculated by the Philip
equation revealed that none of the events showed large enough precipitation in-
tensities to generate surface runoff (Figure 5.2). In fact, the estimated saturated
hydraulic conductivity of the surface had to be decreased by a factor f ≈ 1/5000
in order to produce realistic surface flow patterns. The test of simulating surface
runoff with a physically-based one-dimensional model (COUP model; Jansson and
Karlberg, 2001) was neither successful, even with a highly restrictive parameter
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Figure 5.2: Infiltration rates determined with the Philip equation. Since the infiltration
rate depends on soil texture, the range of infiltration rates defined by the most sandy
(yellow curve) and the least sandy (brown curve) of the measured soil textures is shown.
The orange curve represents the infiltration rate for the average soil texture. The rainfall
intensities for all rainfall events between October 2005 and September 2006 are depicted
as grey lines, whereas the representative event used in this study is shown in blue. Note
that without the reduction of the saturated hydraulic conductivity at the surface by the
factor f all the infiltration rates would shift upwards on the y-axis and no surface runoff
would occur.
setting (Stähli, pers. comm.). These findings indicate that other mechanisms than
sorptivity that are not represented in the Richards equation or the Philip equation
determine the occurrence of surface flow. The reduction of saturated hydraulic
conductivity at the surface is further discussed in Section 5.5.2.2.
5.3.5 Simulations
To investigate the effect of the erosion rills on the surface and subsurface flow paths
and on surface flow distances, times and velocities, two simulations with the same
114
5.4 Results
rainfall event were conducted: one with the initial non-rilled surface topography
and one with the developed topography including the rill network resulting from
the SOCN model run (Section 4.3.3). The DEMs of the initial and the developed
topography originally available at 1m resolution were downscaled by interpolation
to the 0.5m resolution used for the model described in this chapter. Based on
a comparison of measurements between rill and interrill areas of a mining dump
(Biemelt et al., 2005) the saturated hydraulic conductivity of a rill model cell
was multiplied by a factor of 40. Due to the steep topographic gradients next
to the rills, the concentration of surface flow and the higher saturated hydraulic
conductivities in the rills, the flow paths are likely to change qualitatively and
quantitatively whether surface rills are present or not.
5.4 Results
5.4.1 Surface runoff
For both simulations (without and including erosion rills) all the water elements
had either infiltrated or left the system via outflow at the end of the simulation
(after 100 000 s). For each single water element the flow path along the surface was
recorded until the water element infiltrated or flowed out of the system. Water
elements infiltrating on the same location as they originated do not constitute a
flow path, thus flow paths comprise at least two surface model cells (the cell the
water element is originating from and the receiving cell). Figure 5.3 shows the
temporal evolution of the flow paths along the initial surface topography (no rills).
To prevent the figure from being overloaded the flow paths of only every 500th
water element are shown. According to Philip’s infiltration theory, the catchment
is governed by infiltration in the beginning of a rainfall event. This is reflected
in Figure 5.3 showing that up to 30 000 s (ca. half of the rainfall events duration)
only scarce and short surface flow paths were built. With enduring rainfall more
and more model grid cells reach the point where the infiltration capacity decreases
below the rainfall intensity. Therefore, an increasing amount of water is available
for surface runoff, which gradually leads to longer flow paths. Although the flow
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Figure 5.3: Temporal evolution of the surface flow paths defined by tracking every 500th
water element. Up to 30 000 s the system is dominated by infiltration and surface flow
paths are maximally a few metres long. As the infiltration capacity of more and more
model grid cells decreases, surface runoff becomes increasingly important and the flow
paths of the water elements start to grow. The flow path tracks of the water elements at
the end of the simulation resemble closely those presented in Section 4.3.1 (Figure 4.3).
Especially the main runoff path in the middle of the catchment and the flow paths in
the backslope are well visible.
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path of only every 500th water element is displayed in Figure 5.3, surface runoff
structures are clearly identifiable after 100 000 s and they closely resemble the flow
paths determined for the self-organised critical network model (i.e. the contributing
area) or the Manning-based model (Figures 4.3b and 4.3c, respectively).
Figure 5.4 emphasises this similarity by superposition of simulated flow paths
at the end of the simulation with the corresponding contributing area. Obviously,
the method of discretising rainfall into water elements and representing surface
flow by displacing these elements is successful in describing realistic surface flow
patterns. Figure 5.4 also shows the comparison between the simulated flow paths
based on the initial topography and the flow paths resulting from the developed
topography including the erosion rills.
Generally, the flow paths between the two simulations are very similar. However,
N
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Figure 5.4: Surface flow paths (light blue) of every 500th water element displayed at
t = 100 000 s for (a) the simulation with the initial surface topography and (b) the
developed surface topography including the rill network. The dark blue lines show the
contributing area and confirm general flow patterns depicted by the flow simulations of
discrete water elements.
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for the simulation including the rills, the flow network is apparently denser and
more connected. On the one hand the higher degree of connection implies that
individual water elements covered larger flow path distances. On the other hand
the denser flow network indicates that less water elements had infiltrated and in-
stead run off along the surface. Indeed, the simulation including the rills produced
about three times more total surface runoff compared to the simulation without
considering the rills (Figure 5.5). The lower total amount of infiltration for the sim-
ulation with rills may be surprising, since the model parameter setting promotes
infiltration in the rills. Truly, the amount of infiltration in the rills was higher,
but the steep topographic gradients next to the rills caused water elements to be
transported more quickly to the rills and thus reduced their chance of infiltration
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Figure 5.5: Cumulated surface runoff for the simulation with the initial surface topo-
graphy (dark blue) and for the developed topography including the rills (orange) and
cumulated subsurface outflow for the simulation with the initial topography (light blue)
and for the developed topography (yellow). The curves were filtered by a 15-period
moving average. The erosion rills have a significant effect on surface flow, but only a
small influence on subsurface outflow.
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in non-rill areas. Each water element flowing off from a cell reduces the cell’s
surface water level, allowing for higher flow depth gradients and replenishment by
other water elements.
The larger the number of water elements moving along the surface, the higher is
the probability that water accumulates locally, forcing the following water elements
to alter their flow route, due to the change of the hydraulic gradient. This is
reflected in the wider flow paths of the simulation with rills, especially in the
relatively flat and rill-free backslope of the catchment (Figure 5.4b). Flow in the
rills is concentrated again, since, due to the relatively high rill walls, the steepest
gradient is always in the downslope direction of the rill. Therefore, the first visual
inspection of Figure 5.4 can be somewhat misleading as it may give the impression
that the wider flow paths conduct more water than the thinner ones constrained
by the rill structures.
Figure 5.6 displays the relation between surface flow path length and surface
flow time for each water element for simulations with and without erosion rills.
While the flow path patterns for both simulations are very similar (Figure 5.4) the
distance-time relationships of the water elements of the two simulations are consid-
erably different. Water elements flowing along the initial surface topography are
defined by shorter flow path lengths (maximum 90m) and flow times (maximum
6442 s), and by a relatively low variance of the data points around the trendline
representing the velocity 0.009m s−1. In contrast, and as already indicated by
Figure 5.4, the distance covered by a water element is generally much longer (up
to 400m) and flow times are higher (maximum 12 320 s) for the simulation includ-
ing the erosion rills. Despite the higher flow times for the system with developed
erosion rills the average velocity of 0.036m s−1 is much larger than without rills.
Although the infiltration capacity is higher in the rills, the steeper gradients ac-
count for large water supply to the rill exceeding eventually infiltration capacity
and water elements are effectively transported through the narrow rills.
As already indicated by the temporal evolution of the surface flow paths (Fig-
ure 5.3), it can be seen that in the first half of the simulated rainfall event surface
outflow to the lake basin is only marginal, but increases rapidly thereafter until
rainfall stops at t = 61 029 s (Figure 5.5). While the simulation without erosion
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Figure 5.6: Relation between flow path length and time needed to cover the distance
of each water element until it is infiltrating or reaching the outflow. Data are shown
for the simulation with the initial surface topography (blue dots) and for the developed
topography including the rills (yellow dots). Generally, runoff over the developed surface
topography reached longer distances at a longer timescale and at higher characteristic
velocities (indicated by the slope of the trendlines) than runoff over the initial surface.
rills produces surface runoff only from about 20 000 s onwards, outflow for the sim-
ulation with rills starts much earlier. This is because some of the rills near the
lake basin reach down to the impermeable clay layer. Rainfall hitting such areas
is immediately and rapidly transported within the rill to the outlet.
5.4.2 Subsurface flow
Figure 5.7 shows the temporal evolution of the subsurface flow paths for the sim-
ulation using the initial topography. The subsurface flow paths are defined by
clusters of hydrologically connected soil cells (cells with subsurface in- or outflow
during the simulation). Each cluster gets its individual cluster number. When
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Figure 5.7: Temporal evolution of hydrologically connected clusters in the soil. After
6000 s only small clusters have formed in the catchment. The clusters then grew by
merging until a large cluster spanning almost the entire system upslope from the clay
wall was built (at t = 9000 s). After 20 000 s this large cluster connected with areas
lakewards from the clay wall. The yellow bar indicated by the arrow marks the location
of the soil moisture pattern (Figure 2.7). The connecting of flow paths is inhibited in
this area and water flow is dammed resulting in the pattern of high moisture. After
28 000 s the large cluster covered almost the whole catchment and connected to the lake
basin.
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two clusters grow together the one with the larger number of cells persists and
transmits its cluster number to all the cells belonging to the smaller cluster. The
results of the three-dimensional model are displayed as vertical projection. If at
a location (x, y) several model cells exist in z-direction (soil depth) and the cells
belong to different clusters, the most abundant cluster number occurring in the soil
column is shown in the projection. In the first 6000 s of the simulation (no rills)
the initially fully unconnected system developed a fairly homogeneous distribu-
tion of small clusters scattered over the entire catchment. Thereafter, the clusters
located headwards from the clay wall started to merge and grow. After 9000 s a
connected cluster spanning almost the whole catchment northwards from the wall
had formed. This large cluster further expanded lakewards over the clay wall on
the orographic left and right hand side of the weir. Between t = 20 000 s and
t = 28 000 s the southern boundary of the large cluster at the orographic left hand
side remained stable and coincided well with the wet patch shown in Figure 2.7.
This indicates that the subsurface water flow is locally impeded by the clay wall.
However, water finally flows over the clay wall and causes the observed moisture
pattern on the soil surface (Section 2.4.2). Finally, after 28 000 s the large cluster
connected to the lake basin area.
By investigating the time series of subsurface flow path evolution shown in Fig-
ure 5.7, it appeared that the lake-near part of the catchment generally connected
considerably less easily than the area upslope from the wall. The reasons for this
are the shallow soil depths near the lake resulting in a lower chance of flow path
connection and the generally lower hydraulic gradients due to the rather flat area.
Additionally, the clay wall acts as a barrier for lateral flow.
The cumulated subsurface outflow to the lake basin is displayed in Figure 5.5
for both simulations. The erosion rills had no impact on subsurface outflow almost
until the end of the rainfall event. Thereafter, the subsurface outflow for the sim-
ulation including the rills remained slightly lower than for the simulation without
rills. This is not surprising, since less water elements infiltrated in the simulation
including the rills (as discussed in Section 5.4.1). Thus, on the one hand less wa-
ter elements were available for subsurface runoff and on the other hand the soil
remained somewhat drier and thus less conductive. The subsurface flow did not
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reach equilibrium until the end of the simulations.
5.5 Discussion
5.5.1 Practicability of the new model concept
The new model uses similar approaches to describe water transport as hydrological
cellular automata models describing stream channel flow (e.g. Murray and Paola,
1994; Thomas and Nicholas, 2002; Parsons and Fonstad, 2007; Rinaldi et al., 2007)
or subsurface flow (e.g. Mendicino et al., 2006). But instead of focussing only on
a certain flow process the new model presented in this chapter connects the pro-
cesses of rainfall, infiltration, surface runoff and soil water flow and allows a more
comprehensive hydrological perception of the water flows in the catchment. How-
ever, the main difference to current cellular automata models is the discretisation
of the rainfall acting as model input into ‘water elements’ and the introduction
of the ‘potential water transport capability’ to use the discrete water elements
with non-discrete physically-based flow equations. The idea of describing water
flows with discrete units is not new. A special case of cellular automata models
to model water flow are lattice gas models that were applied as well for model-
ling subsurface flow (e.g. Di Pietro et al., 1994). But while the discretisation of
water volumes in lattice gas models (or expressing water density distributions in
a discrete set of velocities as in lattice Boltzmann models, e.g. Pan et al., 2004)
usually aims to describe water flow in agreement with Navier–Stokes solutions (a
lattice Boltzmann approach to the Richards equation was propsed by Ginzburg
et al., 2004), the water flow in our model is governed by Darcy flow.
The new hydrological model concept is attractive, since the description of runoff
processes, the calculation of water transit times and the emergence of macro-scale
structures all can be represented in the same model framework. The temporal
resolution of model simulations is not restricted to single rainfall events. If the
required computational resources are provided the model can also be used to simu-
late time series of multiple events, especially because the discretisation into single
elements is optimal for parallel computing. Additionally, the model approach is
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very flexible and may be expanded easily by further processes including spatiotem-
poral changes of model variables, for example the colonisation of unvegetated areas
by plants and the accompanied change of evapotranspiration. The high computa-
tional expenses originating from the high spatial and temporal resolution of the
model can be compensated by the possibility of parallel programming utilising the
explicit nature of the described numerical schemes.
The focus of the study was, in the first instance, on testing the feasibility of the
new model concept to reproduce runoff processes, transit times, and the emergence
of hydrologically relevant structures at the macro-scale. The results presented in
Section 5.4 demonstrated that the model is able to simulate reasonable surface and
subsurface flow patterns as well as distance-time relationships of water elements
flowing along the catchment surface. So far, we analysed transit times for surface
flow only but the tracking of any flow path of a water element is straightforward.
Furthermore, the model was able to capture differences in the flow regime and
flow structures between the simulation based on the initial surface topography
and the simulation including the erosion rill network. These are valuable factors
for demonstrating the role of surface evolution on catchment hydrology. However,
in the current version of the model there are still a number of open issues, which
are discussed in the next section.
5.5.2 Open issues concerning the current model state
5.5.2.1 Subsurface flow
The soil physical properties randomly scattered in the simulated catchment de-
termine the spatial and temporal development of subsurface flow patterns. In this
chapter only a single realisation of the distribution of soil physical properties was
analysed. However, the study of a set of multiple simulations with different realisa-
tions would be required to investigate if macro-scale flow patterns are independent
of the distribution of soil physical properties. It is expected that, similar to the
PT model, different realisations alter flow paths locally, but that the macro-scale
characteristics of the flow patterns change only marginally.
The initial water content in the catchment was set to field capacity for the
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lowest model grid cell in the soil column and decreased for the cells above accord-
ing to a linear function. The groundwater body, which was observed to develop
immediately after the completion of the catchment (Mazur et al., 2011), was not
considered in the simulation. The overall low water content in the simulated catch-
ment, the disregard of groundwater and the relatively low hydraulic conductivities
determined by the software ‘Rosetta’ (Schaap et al., 2001) are reflected in the
very low simulated subsurface outflow to the lake basin. For both simulations,
with and without rills, only about 2% of the measured total outflow (213m3)
were calculated as subsurface outflow (total simlated outflow accounted for about
5% in case of no rills and 10% when rills were included). Under these boundary
conditions most of the precipitation infiltrating at the surface is stored in the soil
and effective subsurface water flow occurred only rarely, since soil water contents
seldom exceeded the free water capacity threshold. For the simulation of realistic
outflow quantities the initial groundwater body and groundwater flow have to be
included in the model.
5.5.2.2 Surface flow
The amount of simulated surface runoff is largely a function of f , the reduction
factor of the saturated hydraulic conductivity at the surface. The low value of
f = 1/5000 had to be chosen in order to reproduce similar surface flow patterns
as described in Section 4.3.1. Even though a fairly low f was applied for the
simulations, only a very small amount of rainfall flowed off as surface runoff (0.3%
for the simulation without rills and 1% for the simulation with rills). The causes for
the apparently massively reduced saturated hydraulic conductivity at the surface
of the Chicken Creek catchment are not fully identified yet. Possible explanations
are the intense compaction of the surface during the construction works of the
catchment, the effect of hydrophobic biocrusts and the clogging of soil pores by
sediment aggradation.
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5.5.2.3 Validation against measurements
The main goal of this section study was to develop a prototype of a model to track
water flow paths at complex surfaces after intense rainfall events. The successful
test of the simulation results against observed surface flow path structures and
qualitative characteristics, such as soil wetness patterns, were first indicators of
the validity of the model. After embedding adequate flow processes and initial
conditions for the groundwater, it will, of course, be necessary to relate the sim-
ulation results also to further measured data, such as total catchment outflow or
surface runoff. The quality of the model can only be fully assessed by comparing
such measurements for several rainfall events with simulation results.
5.5.2.4 Effect of discretisation
To account for the spatial heterogeneity of soil physical properties, surface and
subsurface topography, and to justify the application of small-scale physical equa-
tions, the catchment must be discretised into a grid of high resolution. A three-
dimensional orthogonal model grid of 0.5m resolution was used and subsequently
modified to a face-centred cubic lattice. The resolution was small enough to pro-
duce reasonable flow patterns on the surface and in the soil. However, to assure the
independence of the development of these patterns from the model grid resolution
and structure, simulations with lower resolutions would be required.
The discretisation of rainfall into water elements also has an effect on the water
flows. The predefined volume of the water elements mainly affects the timing of
water flow. The larger the size of a water element is chosen, the longer it takes until
a water element can be built from rainfall and then be infiltrated or transported.
Due to the introduction of the potential water flow capabilities, which are based
on non-discrete physical equations, the total amount of water flow at a location
(x, y, z) is less affected by the discretisation.
Generally, it can be concluded that the higher the model grid resolution and
the smaller the volume of the water elements the more accurate the simulation
results. However, the high simulation accuracy is only achieved at the expense
of computer processing time, and thus a trade-off between acceptable processing
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time and high simulation reliability has to be made.
5.6 Summary
A new model framework was conceptualised to describe water flow at the catch-
ment scale, transit times of water volumes, and the evolution of hydrologically
relevant macro-scale patterns emerging from small-scale processes. Water flow in
the new model is based on the combination of well-established physical equations,
concepts of Percolation Theory, and the relocation of discrete volume units called
‘water elements’. The link between the equations describing non-discrete water
flows and the discrete transport of the water elements is done by introducing the
concept of ‘potential water transport capability’. The main aim of this chapter
was to test the general feasibility of this model prototype and to assess first results
concerning the hydrological effects of the surface erosion rills.
Based on the discrete flow of water elements generated from rainfall the model
managed to reproduce surface flow structures and to simulate the temporal devel-
opment of macro-scale subsurface flow patterns. The relationship between surface
flow distance and time used to cover this path (i.e. the surface flow velocity)
could be determined for each water element flowing along the catchment surface.
Depending on the presence or absence of erosion rills, distinct differences in the
surface flow regime could be detected. Flow paths of water elements along initial
surface topography without erosion rills were generally shorter than for the simu-
lation including the erosion rills. In the presence of rills, the characteristic surface
flow velocity of the water elements was four times higher than for surface water
flows along the initial topography without rills. Total surface outflow was about
three times higher in the presence of rills. In contrast to surface flow patterns,
total subsurface water flow was much less affected by the erosion rills. However,
due to the generally low initial water contents chosen for this set of simulations and
the disregard of the initial groundwater body, the simulated outflow values were
clearly underestimated with the model. To simulate realistic outflow quantities
the initial conditions in the model have to be adapted and groundwater flow has
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to be considered adequately.
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6 Future work in the light of cur-
rent issues in hydrological catch-
ment modelling
6.1 Modelling hydrological processes
For many hydrological issues (e.g. flood prediction, water management for hydro-
power generation) the measure of total catchment runoff is of major interest. Total
runoff, integrating all within catchment processes to a single signal, has been simu-
lated with a variety of different hydrological models with some success (Singh and
Frevert, 2002). However, many models estimate total runoff without thoroughly
understanding the internal catchment processes. It is often assumed that the pro-
cesses are correct if total runoff is reasonably accurate at some scale (Sidle, 2006).
Although a variety of processes contributing to catchment runoff were suggested
(e.g. infiltration excess overland flow, saturation excess overland flow, subsurface
stormflow, macropore flow), there is still no consensus on the general hydrological
‘functioning’ of catchments.
With this thesis we added further insights into the internal hydrological pro-
cesses of a man-made catchment. The difficulty of understanding the flow processes
in a catchment is related to the highly complex nature of unsaturated soils. To rep-
resent this high complexity in the models (Chapter 3 and Chapter 5) a low model
grid resolution was chosen and soil hydraulic properties based on a manifold of
soil texture measurements were ascribed to the grid cells. The investigations have
shown that the state of hydraulic connectivity of soil elements and the evolution of
the erosion rills were essentially governed by micro-scale processes and conditions
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(e.g. hillslope geometry, soil depths, surface runoff) in the catchment. Further-
more, first simulations with the new model described in Chapter 5 indicated that
the consideration of evolving erosion rills has a considerable impact on the spatial
distribution of infiltration and on the amount of surface runoff. The future con-
sideration of groundwater flow in the new model is indispensable to simulate the
catchment outflow in the correct order of magnitude. Thereafter, several objectives
will be investigated. For example, the effect of erosion rills on catchment runoff
and on surface and subsurface flow paths, the ability of the model to reproduce
both, regular low flow conditions and the threshold-like rainfall-runoff behaviour
of the catchment, and the characteristic transit times of surface and subsurface
water.
6.2 Application of small-scale equations
The representation of a small spatial scale is important not only with respect to
data, but also to process descriptions in the model. This became evident when
simulating the hydrologic connectivity and the evolution of erosion rills in the
catchment. Most of the distributed hydrological models are based on water trans-
port described by the Richards equation or the Buckingham–Darcy equation. The
application of these small-scale nonlinear descriptions of water fluxes at the scale
usually used in hydrological modelling (say 10m – 1000m) is questionable (Beven,
2001). Richards equation was used for so long only because it is consistent with
the measurement scales of soil physical measurements (Beven, 2001).
In contrast to most experimental catchments much information on the soil of
the Chicken Creek catchment is available. The many soil texture probes have
shown that soil heterogeneity is relatively low compared to mature natural catch-
ments. Macropores due to faunal activities (e.g. earthworm pipes or animal bur-
rows) or a dense plant root network were considered to be negligible in the initial
phase of catchment development. Additionally, the lower boundary (clay layer)
was well characterised in terms of substrate and the topographies (subsurface and
surface) were described by a high resolution Digital Elevation Model. Due to
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the relatively undisturbed soil and the knowledge of the boundary conditions, the
application of the Buckingham–Darcy equation is justified in the high-resolution
model developed in Chapter 5. Furthermore, the model will constitute a valuable
test of the general applicability of the Darcy equation in catchment hydrology.
6.3 Model validation
It is difficult to verify the processes actually dominating the water fluxes of a
catchment. This is mainly because there is still no technique available to directly
measure subsurface water fluxes in the field (Beven, 2006). This poses a major
problem for hydrological modelling, because the governing flow processes included
in a model cannot be validated and remain uncertain to a considerable degree.
There is a need for new measurement methods to provide spatially distributed
data on subsurface water fluxes at the appropriate scale. The alternative to using
direct measurements is inferring the required information from indirect measure-
ments. For example, information on soil water flows was inferred from the dynamic
patterns of soil water content sampled by repeated Ground-Penetrating Radar
(GPR) (Gish et al., 2002; Huisman et al., 2002; Lunt et al., 2005) or subsurface
electrical resistance (ERT) measurements (Samouëlian et al., 2005; Vanderborght
et al., 2005), or from saturation levels measured in a dense spatial network of piezo-
meters (Tromp-van Meerveld and McDonnell, 2006; Lehmann et al., 2007). The
geochemical characterisation of different water sources (Kendall and McDonnell,
1998) is another promising tool to improve our understanding of subsurface flows.
The adequate spatial sampling of data with these techniques allows a powerful test
of distributed modelling capabilities as they can provide valuable information on
water flow processes or constrain the model prediction uncertainties (e.g. Bronstert
and Plate, 1997; Houser et al., 2001; Western and Grayson, 2001).
It will be of major importance to compare the simulation results of the new
model (Chapter 5) with field observations from the catchment. Unfortunately,
there are no data from geophysical methods available covering the entire catch-
ment. However, single ERT measurements were made, but only at a few points in
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time and space. Additionally, groundwater level data from 17 observation wells,
soil moisture data taken at six depths at 16 points in the catchment, surface run-
off data from two flumes installed in erosion rills and total catchment runoff data
are now available. These data provide a decent degree of spatial information on
hydrological variables to validate the new model.
6.4 Model uncertainty
A further issue in hydrological modelling is the assessment of the uncertainty of
model results. In this context, the principle of equifinality was widely discussed in
the scientific literature in the last few years (e.g. Beven and Freer, 2001; Todini,
2007). Equifinality refers to more than one parameter set providing an equally
good (or poor) representation of the integrated response (Ebel and Loague, 2006).
To investigate the related uncertainties of model results frameworks for uncertainty
estimation have been developed, such as Markov Chain Monte Carlo simulations
(Vrugt et al., 2008) or the Generalised Likelihood Uncertainty Estimation (Beven
and Binley, 1992).
Many processes such as macropore flow or plant transpiration can be neglected
in the initial phase of catchment development and thus the parameter space of a
corresponding model is substantially reduced. This also means that the chance of
equifinality is low and thus also the uncertainty of the model results. Additionally,
using only a small set of parameters considerably decreases computer processing
time for uncertainty estimation. Besides the uncertainty analysis of model results,
a thorough study of the model sensitivity regarding model architecture is also
needed to assure that the simulation results are fully independent of the chosen
model grid resolution and cell neighbourhood. Such a test would additionally
provide the information needed to specify the optimal relation between model grid
resolution and computational expenses.
Following the above discussion, it becomes clear that there are still many issues
and uncertainties in hydrological modelling. Nevertheless, models provide a help-
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ful tool to test hypotheses, for example, on the dominant hydrological processes of
a catchment. Kirkby (1996) pointed out that ‘the most important role of models
is as a qualitative thought experiment, testing whether we have a sufficient and
consistent theoretical explanation of physical processes’. In this sense, the simula-
tion results achieved by the successful application of the new models developed in
this thesis constitute a step forward in identifying, testing and understanding the
theoretical concepts of the governing physical processes leading to hydrologically
relevant structures in catchments.
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Figure A.1: Minimum number of realisations needed in order to determine the perco-
lation threshold pc of each of the three lattice configurations (‘box’, ‘sheet’ and ‘slope’)
with the full fcc (a) and the modified fcc neighbourhood (b). Since after 50 realisations
only the fourth decimal place of pc was affected for all lattices, the minimum number of
50 realisations was considered appropriate to determine the percolation threshold.
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